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INTRODUCTION 

Environment  Ontario  holds  Its  annual  Technology  Transfer 
Conference  to  report  and  publicize  the  progress  made  on 
Ministry-funded  projects.    These  studies  are  carried  out  in 
Ontario  universities  and  by  private  research  organizations  and 
companies. 

The  papers  presented  at  the  1987  Technology  Transfer 
Conference  are  included  in  five  volumes  of  Conference 
Proceedings  corresponding  to  the  following  sessions: 


Part  A 
Part  B 
Part  C 
Part  D 
Part  E 


Air  Quality  Research 
Water  Quality  Research 
Liquid  &  Solid  Waste  Research 
Analytical  Methods 
Environmental  Economics. 


This  part  is  a  compilation  of  papers  presented  during  Session  A 
of  the  Conference, 

For  further  information  on  any  of  the  papers,  the  reader  is 
kindly  referred  to  the  authors  or  to  the  Research  Management 
Office  at  (416)  323-4574,  332-4573. 


ACKNOWLEDGMENTS 

The  Conference  Committee  would  like  to  thank  the  authors  for 
their  valuable  contributions  to  environmental  research  in 
Ontario. 


DISCLAIMER 

The  views  and  ideas  expressed  in  these  papers  are  those  of  the 
authors  and  do  not  necessarily  reflect  the  views  and  policies  of 
Environment  Ontario,  nor  does  mention  of  trade  names  or 
commercial  products  constitute  endorsement  or  recommendation 
for  use. 


SESSION  B;     WATER  QUALITY  RESEARCH 


Bl  MONITORING  OF  ORGANIC  COMTAMINANTS 

USING  FRESHWATER  MUSSELS. 
D.  Innes,  R.  Lazar,  D.  Haffner  and 
P.  Hebert,  University  of  Windsor, 
Windsor,  Ontario. 

B2    MERCURY  IN  BENTHIC  INVERTEBRATES 
FROM  PENINSULA  LAKE  AND  LAKE 
VERNON. 

M.  Allard  and  P.M.  Stokes, 
University  of  Toronto,  Toronto, 
Ontario. 

B3         TEMPORAL  AND  SPATIAL  VARIATIONS  IN 

METAL  CONCENTRATIONS  OF  ZOOPLANKTON 
IN  CENTRAL  ONTARIO  LAKES. 

G,  Mackie  and  N.  Yan,  University  of 
Guelph  and  D.  Boomer,  Environment 
Ontario,  Rexdale,  Ontario, 

B4         AVAILABIUTY  OF  ZINC  TO  BENTHIC 

ORGANISMS  FROM  SEDIMENT  FRACTIONS. 

D.  Andrews  and  J.  Fitchko,  Beak 
Consultants  Ltd.,  Mississauga,  Ontario. 

B5  APPUCATION  OF  THE  FUGACITY /ACTIVITY 

MODEL  TO  PREDICTING  THE  BEHAVIOUR 
OF  ARSENIC  IN  LAKES. 

M.L.  Diamond  and  D,  Mackay,  University 
of  Toronto,  Toronto,  Ontario, 


B6         DEGRADATION  OF  ORGANIC  CONTAMINANTS 
BY  ANAEROBIC  BACTERIA  IN  LAKE 
ONTARIO  SEDIMENTS. 
T.  Strycek,  M.  Urbanek,  C.  Wyndham, 
and  M.  Goldner,  University  of  Toronto, 
Toronto,  Ontario. 

B7         THE  EFFECTS  OF  TILE  DRAINAGE  AND  OPEN 
DITCHES  ON  PEAK  FLOWS  AND  DRY 
WEATHER  FLOWS. 

J.D.  Paine  and  W.E.  Watt,  Queen»s 
University,  Kingston,  Ontario. 

B8         AN  EXPERT  SYSTEM  FOR  WATER  QUALITY 
ASSESSMENT. 

W.P.  Allen,  T.E.  Unny,  H.  Shen, 
University  of  Waterloo  and  L,  Logan, 
Environment  Ontario,  Toronto,  Ontario. 

B9  PILOT  SCALE  STUDIES  OF  THE 

REMOVAL  OF  TRACE  ORGANIC  CONTAMINANTS 
FROM  DRINKING  WATER  BY  CONVENTIONAL 
PROCESSS, 

J.N.  Hilton  and  R.F.  Machacek, 
MacLaren  Planseareh  Inc.,  Toronto, 
Ontario. 

BIO       QUANTITATIVE  STRUCTURE-ACTTVITY 
RELATIONSHIPS  FOR  ORGANIC 
COMPOUNDS  AND  THEIR  MIXTURES. 

A.  Smith,  G.  Ozburn  and  L.  McCarty, 
Lakehead  University,  Thunder  Bay, 
Ontario. 


Bll       QUANIlTAnVE  STRUCTURE  ACTIVITY 

RELATIONSHIPS  FOR  AQUATIC  ORGANISIMS 

S.  Abernethy  and  D.  Mckay,  University 
of  Toronto,  Toronto,  Ontario. 

B12       TOXICITY  OF  A  TECHNICAL  FORMULATION 

AND  PURE  PENTACHLOROPHENOL  TO  THREE 
SPECIES  OF  ZOOPLANKTON:  LABORATORY 
(ACUTE/CHRONIC)  AND  FIELD  STUDIES. 

G.L.  Stephenson,  N.K,  Kaushik, 
University  of  Guelph  and  K.R.  Solomon, 
Canadian  Centre  for  Toxicology,  Guelph, 
Ontario. 

B13       ULTRAVIOLET  DISINFECTION:  ITS  EFFECT  ON 
ESCHERICHIA  COU  AND  BACTERIOPHAGES 
AS  INDICATORS  OF  DISINFECTION 
EFFICIENCY  OF  WASTEWATER. 

G.A,  Palmateer,  Environment 
Ontario,  London,  Ontario,  and  G.E, 
Whitby,  Trojan  Technologies  Inc., 
London,  Ontario. 

B14       A  SPECIAL  HYDROCYCLONE  DESIGNED 
FOR  SEWAGE  TREATMENT. 

J.D.  Boadway,  Queen's  University, 
Kingston,  Ontario. 

B15       THE  EVALUATION  OF  NATIVE  MARSH 

PLANT  SPECIES  FOR  THE  TREATMENT  OF 
DOMESTIC  SEWAGE. 

J.  Neil  and  J.  Graham,  Limnos  Ltd. 
Pickering,  Ontario. 


B16       A  DEMONSTRATION  STUDY  FOR  BIOLOGICAL. 
PHOSPHORUS  REMOVAL  AT  LAKEVIEW  WPCP. 

M,  Yue  and  V.  Thadani,  Gore  &  Storrie 
Limited,  Toronto,  Ontario  and  G.  Healey, 
Lakeview  WPCP,  Mississauga,  Ontario, 

B17       OPTSTOR  COMPUTER  PROGRAM  FOR  COST- 
EFFECTIVE  STORAGE  IN  SEWER  SYSTEMS, 

S.H.  Zemell,  MacLaren  Plansearch  Inc. 
and  R.  Bishop,  Marshall-Macklin- 
Monaghan  Ltd.,  Toronto,  Ontario. 

B18       TOWNSHIP  OF  IGNACE,  VYREDOX  TREATMENT 
PLANT  FOR  A  GROUNDWATER  SUPPLY. 
D.R.  Turnbull  and  J,  A.  Harris, 
International  Water  Supply  Ltd., 
Barrie,  Ontario. 

BPl       EXTRACTION  A  CONCENTRATION  METHOD  FOR 
TESTING  OF  LANDFILL  LEACHATES. 

J,  Brady,  A.  Horton  and  G.  Thomas, 
Ontario  Research  Foundation,  Mississauga, 
Ontario. 

BP2       APPLICATION  OF  FUGACITY  MODEL  TO 
MUNICIPAL  WASTEWATER  TREATMENT. 
L.  Tasfi,  D.  Maekay,  B.  Clark  and  G.  Henry 
Environmental  Engineering  Program  , 
University  of  Toronto,  Toronto,  Ontario. 


w-r^ii'vai 


BP3       MULTIMEDIA  ENVIRONMENTAL  AND  HUMAN 
EXPOSURE  ASSESSMENT  OF  ORGANIC 
CONTAMINANTS. 

D.  Mackay  and  S.  Peterson,  Department 
of  Chemical  Engineering  and  Applied 
Chemistry,  University  of  Toronto, 
Toronto,  Ontario. 

BP4      CLAM  BIOMONITORING:  EFFECTS  OF  TEMPERATURE 
AND  PROCEDURAL  VARIATIONS  ON  CONTAMINANT 
UPTAKE  WITH  NOTES  ON  THE  DISTRIBUTION  OF 
ALTERNATE  SOURCES. 

A.  Melkic,  T.  Smith  and  K.  Kowalchuk, 
Integrated  Explorations  Ltd.,  Guelph,  Ontario. 

BP5       NUISANCE  BLUE-GREEN  ALGAL  BLOOMS  IN  ONTARIO: 
WHY  THEY  OCCUR. 

L.  Molot,  University  of  Toronto,  I.  Gray,  B.A.R. 
Environmental  and  A.  Usher,  Planning  Consultant, 
Toronto,  Ontario. 

BP6       REMOTE  SENSING  DETERMINATIONS  OF  NORTH- 
EASTERN ONTARIO  LAKE  CHARACTERISTICS. 

J.  R.  Pitblado,  Dept.  of  Geography, 
Laurentian  University,  Suctoury,  Ontario. 

BP7       ROBUST  TREND  ASSESSMENT  OF  WATER  QUAUTY 
DATA  SERIES. 

B.  Bodo,  Environment  Ontario,  K.  W.  Hipel, 
Department  of  Systems  Design  Engineering, 
University  of  Waterloo,  and  A.l.  McLeod, 
Department  of  Statistical  and  Actuarial 
Sciences,  University  of  Western  Ontario, 
London,  Ontario. 


r 


rFw-r-f^ 


REPRODUCTIVE  OUTCOMES  IN  SOUTHWESTERN 
ONTARIO,  1980  TO  1985, 

J.  McD.  Robertson,  H.J.  Chan  and  I.M. 
Fyfe,  Dept.  of  Epidemiology  and 
Biostatistics,  University  of  Western 
Ontario^  London,  Ontario. 


BP9       REGIONAL  ANALYSIS  OF  LOW  FLOW 
CH  A  R  ACTERISTICS- 

H.S,  Belore  and  D.  Ashfield,  Cumming  Cockburn 
Ltd.,  Willowdale,  Ontario. 

BPIO     ASSESSMENT  OF  ALTERNATIVE  WATER 
TREATMENT  PROCESSES  ON  NORTHERN 
ONTARIO  WATER. 

S.J.  Wyse  and  D.R.  Fisher,  Proctor  &  Redfern 
Ltd.,  Don  Mills,  Ontario. 


BPll    SLOW  SAND  FILTRATION  FOR  DRINKING 

WATER  PRODUCTION  IN  SMALL  NORTHERN 
COMMUNITIES. 

W.J.  Hargrave  and  A.  Loucks,  Gore  &  Storrie 
Ltd.,  Toronto,  Ontario. 

BP12    LOCATING  AREAS  OF  GROUNDWATER  FLOW  TO 
SURFACE  WATER. 

D.R,  Lee,  Atomic  Energy  of  Canada  Limited, 
Chalk  River,  Ontario,  W.C.  Wager,  Sudbury, 
Ontario  and  P.Kauss,Environment  Ontario, 
Toronto,  Ontario, 


BP13     AN  EXAMINATION  OF  CHRONIC  TOXICITY  OF 

TIIIOCYANATE  TO  FRESHWATER  FISH  FOR  THE 
DEVELOPMENT  OF  WATER  QUAUTY  CRITERION. 

D.G.  Dixon,  R.P.  Lanno  and  S.D.  Kevan, 
Department  of  Biology,  University  of 
Waterloo,  Waterloo,  Ontario. 

BP14    BIOMONITORING  PROTOCOLS  FOR  ADULT 

AQUATIC  INSECTS:  COLLECTION  PROCEDURES, 
SEASONAL  VARIATION  AND  DISPERSAL. 

Z.E.  Kovats,  J.J.H.  Ciborowski  and  S. 
Pernal,  Department  of  Biological  Sciences, 
University  of  Windsor,  Windsor,  Ontario. 

BP15     USER'S  MANUAL  FOR  RIVER  MIXING  ZONE 
ANALYSIS  PROGRAMS. 

T.P.H.  Gowda  and  R.  Jarvis,  Gore  and  Storrie 
Ltd.,  Toronto,  Ontario 

BP16     A  CONVENIENT  AND  ACCURATE  'MACRO' 

PROGRAMME  FOR  THE  QUANTIFICATION  OF 
PCBs  IN  ENVIRONMENTAL  SAMPLES. 

I.D.  Brindle  and  C.L.  MacLauren,  Chemistry 
Department,  Brock  University,  St.  Catherines, 
Ontario. 

BP17     EFFECTS  OF  RURAL  AND  SUBURBAN 

DEVELOPMENT  ON  SURFACE  WATER  QUAUTY 
IN  FIVE  SELECTED  SUBWATERSHEDS  ON 
THE  UPPER  HUMBER  RIVER,  1986. 

R.  Hubbard  and  B.  Hindley,  Metropolitan 
Toronto  and  Region  Conservation 
Authority,  North  York,  Ontario. 

BP18     AN  ECOSYSTEM  APPROACH  TO  MONITORING 
PCB'S  IN  PRISTINE  ONTARIO  LAKES, 

CD.  Metcalfe  and  C.R.  Macdonald, 
Trent  University,  Peterborough,  Ontario. 


MONITORING  OP  ORCAHIC  CONTAHINM4T3 
USING  FRESHWATER  MUSSELS 


D.  Innes,  B.  Muncaster,  R.  Lazar, 
D.HaCfner",  P.  Kebert 


Great  Lakes  Institute, 

University  of  Windsor, 

Windsor,  Ontario. 

N9B  3P4 


INTRODUCTION 

Water  quality  studies  have  evolved  Etom  spot  check  collections 
towards  more  thorough  ecological  aaaeasments.  A  major  component 
o£  this  process  Is  the  development  o£  blomonltor 1 ng  techniques. 
OrlqLnally,  blomonl tor Inq  was  human  health  related  (assessment  of 
conform  levels,  pathogenic  bacteria  and  viruses),  but  gradually 
became  associated  with  the  concept  of  measuring  and  monitoring 
ecosystem  health.  Presently  blomonl tor Inq  techniques  are  being 
used  as  water  surrogates,  Indicators  oE  stress  and  as  a  means  to 
manage  renewable  resources.  The  use  ot  biological  tools  as  a 
surrogate  of  water  measurements  Is  very  prevalent  today  with  the 
need  to  set  and  monitor  guidelines  Eor  protecting  human  and 
environmental  health .  Hydrologlcal  variability,  combined  with  low 
concentrations,  tends  to  make  water  a  very  difficult  medium  to 
monitor.  When  monitoring  trace  orqanlcs  In  water,  frequently  non- 
detectable  results  are  encountered,  and  these  non-detection 
levels  are  regarded  more  as  an  analytical  handicap  than  as  an 
accurate  determination  of  the  presence  or  levels  of  organlcs  In 
the  aquatic  environment. 

A  potentially  more  sensitive  mechanism  to  determine  the 
presence  and  levels  of  trace  organlcs  Is  the  use  of  biological 
Monitors.  The  key  phrase  usually  associated  with  such  an  approach 
Is  that  the  organisms  act  as  environmental  Integrators.  There 
have  been,  however,  very  few  studies  to  assess  what  Is  actually 
being  Integrated.  The  spatial  and  temporal  scales  of  variability 
existing  In  either  the  body  burden  or  response  of  an  organism  to 
trace  orqanlcs  are  usually  -unknown. 


To  answer  such  questions  Is  essential  If  bl omon I  tor  1 ng  Is  to 
become  a  routine  tool  oE  water  quality  manaqement  programs .  The 
answer  requires  research  Into  aspects  of  habitat  selection  and 
utilization.  The  determination  of  the  sensitivity  of  organisms  to 
compounds  of  concern  must  include  the  physiological  status  of  the 
orqanlsms  and  the  Interaction  of  life  cycles  and  exposure 
patterns.  Because  of  the  complexity  of  factors  that  can  regulate 
an  organisms  response,  blononltor Ing  techniques  must  be  focussed 
on  biota  that  have  simple  life  cycles  and  are  generallsts  with 
respect  to  habitat  utilization.  A  preferred  organism  would  also 
be  able  to  tolerate  the  stress  of  handling  for  experimental 
purposes,  and  not  deviate  Cor  long  periods  from  a  physiological 
'norm'.  An  organism  which  is  generally  accepted  to  meet  these 
condlt Ions  Is  the  freshwater  mussel . 

The  following  study  focussed  on  the  measurement  of  In  vltgp 
uptake  and  depuration  rates  of  trace  organlcs  by  freshwater 
musse  Is.  Exposures  were  designed  to  test  whether  water  or 
sediment  were  the  main  source  of  contaminants,  and  to  measure 
seasonal  uptake  rates  until  equilibrium  conditions  were  obtained. 


HATERIALS  and  METHODS 
Mussel  collection  and  deployment 

ElUpt lo  complanata  individuals  were  obtained  from  Balsam 
Lake,  a  pristine  lake  located  near  Lindsay,  Ontario.  For  the 
depuration  study.  Lamps  1 1  la  tadlata  specimens  were  collected  by 
diver  from  a  contaminated  site  In  Lake  St.  Clair  (Fig.  1). 
Mussels  from  this  locale  contain  relatively  high  concentrations 
o£  contaminants  (Pugsley  e^  aJL**  1965).  The  mussels  ranged  In 
size  from  6.5  to  7.2  cm  and  6.5  to  7.5  cm  for  £.  complanata  and 
L-  radlata  respectively,  representing  ages  of  approximately  eight 
to  ten  years . 

Lamps  11 Is  radlata  Is  an  indigenous  species  that  has  a  wide 
distribution  In  the  lakes  and  rivers  of  southern  Canada  (Clarke, 
1981).  ElllPtio  complanata  has  been  widely  used  by  the  Ministry 
of  the  Environment  (Kauss  e^  ^.,1981,  Kauss  and  Hamdy,  19S5), 
but  is  not  native  to  the  Lake  Huron-Lake  Erie  connecting  channel. 

After  collection,  mussels  were  transported  In  bags  of  lake 
water  at  10-  C  and  held  In  chilled  tanks  until  their  deployment. 
At  the  conclusion  of  an  experiment,  specimens  were  Immediately 
shucked,  allowing  excess  fluid  to  drain,  and  wrapped  In  hexane- 
Elnsed  aluminum  foil.  Samples  were  frozen  at  -50"  C  until 
analyzed,  on  average  three  weeks  after  collection.  Shells  were 
measured  (length)  and  identified  foil owing  Clarke  (1981). 
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Accumulation  of  contaminants 

Elliptic  complanata  Individuals  placed  In  wlre-mesh  'pillow' 
cages,  as  used  by  Kauss  and  Hamdy  (1985),  were  exposed  Eor  20-86 
days  at  Clve  sites  In  the  St.  Clair  River  and  Lake  St.  Clair 
(Walpole,  Chenal  Ecatte,  Wallaceburq,  Stoney  Point,  Belle  River) 
(Flq.  I).  The  mussels  were  suspended  near  the  surface  ('top 
caqe ' )  as  well  as  on  the  sediment  ('sed  cage')  (Fig.  2).  An 
additional  cage,  approximately  one  m  from  the  sediment-water 
Interface  ('bottom  cage')  was  suspended  at  the  Walpole  and  Chenal 
Ecarte  sites.  Mortality  was  g^Tierally  less  than  one  percent 
except  for  the  Walpole  sediment  cage  where  ten  of  the  twenty-two 
mussels  deployed  died.  Three  exposed  Individuals  were  replaced 
with  three  uncontamlnated  mussels  at  approximately  twenty  day 
Intervals.  The  deployment  and  recovery  schedule  Is  outlined  In 
Fig.  3.  At  least  three  specimens  for  a  given  exposure  period  from 
each  site  were  analyzed,  representing  a  total  o£  204  mussels.  The 
sediment  cage  at  Chenal  Ecarte  was  disturbed  resulting  In  no  data 
for  the  first  four  exposure  per lods . 

Depuration  of  contaminants 

To  study  the  pattern  of  contaminant  purging,  seventy  L.. 
radlata  specimens  were  transplanted  from  a  contaminated  site  In 
Lake  St.  Clair  (Fig.  1)  to  a  site  two  km  south  of  the  head  of  the 
St.  Clair  River  on  4  September  1986.  This  location  Is  upstream  of 
the  Industrialized  sections  of  the  river.  To  monitor  the  level  of 
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Figure    2  Method    used    to    deploy    mussel    caqes 
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contaminants  at  the  purging  site,  thirty  uncontamlnated  g. 
complanata  were  also  deployed.  All  specimens  were  kept  In  fout 
pillow  cages,  containing  approximately  25  organisms  each.  Ten 
Individuals  of  li_.    cadl^t^  were  removed  after  exposure  periods  oE 
4,    8,  15,  22,  35,  and  59  days.  Control  mussels  (g.  complanata.  N 
=  6)  were  sampled  after  22  and  59  days. 

Analysts  for  organic  contanlnantfl 

Analysis  was  performed  In  the  Great  Lakes  Institute  organlcs 
laboratory.  University  of  Windsor,  Windsor,  Ontario. 

All  glassware  was  washed  with  hot,  soapy  water  (Contrad  70, 
Canlab)  and  rinsed  well  with  hot  water.  Immediately  prior  to  use, 
glassware  was  rinsed  In  succession  with  three  portions  of 
acetone,  three  portions  of  petroleum  ether,  and  a  final  rinse  of 
pest Iclde-grade  hexane .  All  solvents  that  were  In  direct  contact 
with  the  samples  were  oC  pesticide  grade. 

Husse 1  tissue  was  thawed  and  some  gill  tissue  was  removed  for 
sex  determination.  The  remaining  tissue  was  weighed  and  then 
ground  with  a  Polytron  homogenlzer  for  90  s  In  120  ml 
acetonitrlle  and  40  ml  distilled  water.  The  homogenate  was 
filtered  with  suction  through  a  sintered  glass  funnel,  followed 
by  a  second  homogen Izat Ion  with  50  ml  acetonitrlle  and  rinsing 
with  two  20  ml  portions  of  acetonitrlle. 

The  combined  filtrates  were  extracted  with  300  ml  petcoleum  ether 
In  three  portions;  150  ml,  75  ml,  and  7  5  ml.  One  ml  concentrated 
sulphuric  acid  was  added  to  the  Initial  extraction  to  hydrolyze 


lipids.  The  combined  peltoleum  ether  extracts  were  washed  with 
200  ml  distilled  water  and  dried  by  passage  thtouqh  20  mm  x  40  cm 
qlass  columns  containing  IS  q  anhydrous  sodium  sulphate.  The 
deled  extracts  were  concentrated  to  5  ml  with  a  Kudecna-Danish 
evaporator  and  passed  through  columns  with  30  q  Elorlsll  under  6 
q  anhydrous  sodium  sulphate.  The  column  was  eluted  with  200  ml  of 
petroleum  ether,  which  was  concentrated  aqain  to  5  ml.  The 
concentrate  was  diluted  to  10  ml  with  hexane,  oE  which  1.0  ul  was 
Injected  Into  a  qas  chromatoqraph. 

A  Hewlett-Packard  5790A  capillary  column  qas  chromatoqraph 
with  an  electron-capture  detector  fitted  with  a  30  m  x  0.25  mm 
fused  silica  column  containing  a  cross-linked  DB-5  stationary 
phase  (J  fi  W  Scientific)  and  In  combination  with  a  7671  auto- 
Injector  and  a  3390A  inteqrator  was  used  Cor  analysis.  The 
following  conditions  were  employed : 

Injector  temperature:  250~  C 

Column  temperature  proqraminq:  0.5  mln  at  50"  C,    50-250*  C  at 

2-  C  per  mln,  20.0  mln  at  250-  C 

Detector  temperature:  30O*>  C 

Carrier  qas:  helium  at  1.5  ml  per  mln 

Detector  make-up  qas:  5\  methane/95\  arqon  at  60  ml  per  mln 

Injection  mode:        splltless 

Samples  were  analyzed  for  pentachlorobenzene  (QCB), 
hexachlorobenzene  ( HCB ) ,  octachlorostyrene  (OCS),  and 
polychlor Inated  blphenyls  (PCBs).  Quantification  of  the  compounds 
was  performed  by  comparlnq  peak  areas  aqainst  a  set  of  standards 


containing  known  concentrations.  The  data  for  PCBs  are  in  the 
pcocess  o£  be  I nq  summaE Ized  and  thu3  ate  not  ptesented  here. 
Individual  congeners  were  chosen  as  the  method  of  representing 
PCB3  as  oppose  to  Acoclors  due  to  Inaccuracies  encountered  when 
assuming  that  the  composition  of  the  Aroclor  Is  similar  In  both 
the  environmental  sample  and  the  standard  mixture.  Difficulty 
exists  in  comparing  values  presented  as  'Total  FCBs '  or  a 
specific  Aroclor  because  of  variation  In  the  methods  of 
quantification.  An  Arocloc  contains  approximately  60  PCB 
congeners,  each  of  which  has  specific  chemical  properties  that 
determine  its  behaviour  in  the  environment.  The  trend  towards 
repoctlng  PCBs  as  Individual  congeners  will  greatly  enhance  the 
ecological  significance  of  the  Information  obtained  (Du Inker  at 
4i.,  1980,  Schwartz  fii  4l- /  1987). 

The  limit  of  quantification  for  QCB,  HCB  and  OCS    was  0.2  ppb 
and  0.5  ppb  for  individual  PCB  congeners.  Recovery  efficiencies 
were  estimated  by  adding  known  quantities  of  compounds  to 
uncontaminated  mussel  tissue  and  solvents.  Recovery  values  for 
mussel  tissues  were  87  percent  for  OCS  and  PCB  congener  180,  and 
89,  93,  and  91  percent  for  congener  110,  HCB,  and  QCB 
respectively.  Solvent  contaminant  recoveries  ranged  from  77 
percent  to  95  percent.  No  corrections  were  made  for  the  recovery. 
All  chromatographs  were  visually  inspected  before  data  summary. 
Concentrations  were  ordinarily  determined  by  comparing  integrated 
peak  values  with  those  of  a  standard  of  a  known  concentration.  In 
a  few  cases,  the  integrator  failed  to  report  an  acca    for  a  peak 
that  had  exceeded  the  baseline.  In  such  cases  the  peak  area  was 


estimated  by  compac  isons  with  Eeported  peaks  of  a  similar  size. 
An  approximation  of  the  positive  peak  area  was  made  when  the 
peak,  as  defined  by  the  Integrator,  clearly  had  penetrated  or 
failed  to  reach  the  baseline. 

Each  set  of  five  samples  was  accompanied  by  a  solvent  blank, 
subjected  to  the  entire  extraction  procedure,  to  check  the 
cleanliness  oE  glassware  and  reagent  purity.  A  standard  was  also 
ran  for  each  five  sample  set  to  account  for  changes  In  machine 
sensitivity. 

All  concentrations  are  expressed  as  parts  per  billion  (ppb) 
and  are  based  on  wet  weights  of  tissues.  The  mean  water  content 
oT'  twe  Ive  g,.  coroplanata  specimens  was  69  percent  (S.E.  =  .003). 
Thus  body  burdens  can  be  expressed  on  a  dry  weight  basis  using  a 
conversion  factor  o£  9.09.  This  Is  greater  than  the 
multiplication  factors  of  6.25  and  6.67  given  by  Kauss  and  Hamdy 
(19B5J  and  Pugsley  tt  al-  (1985),  respectively.  Lipid 
concentrations  (expressed  as  percent  of  dry  weight)  were 
determined  by  extraction  with  petroleum  ether  and  heating  at  120"* 
C  for  2i    hr.  Lipid  content  of  E^.  complanata  ranged  from  1 .  B  to 
3.4  percent  (mean  =  0.026,  S.E.  =  .005,  N  ^  15).  Kauss  and  Hamdy 
(19B5)  found  lipid  content  In  g.  complanata  to  vary  between  0.7 
and  1.9  percent  of  wet  weight.  Values  may  be  expressed  on  a  lipid 
basis  by  multiplying  dry  weight  concentrations  by  38.5.  As  a 
result  of  the  spatial  and  seasonal  variation  In  lipid  content 
which  may  occur  among  Individuals  due  to  the  effects  of 
reproduct ton,  sex,  and  age.  It  might  be  necessary  to  obtain  lipid 
concent  rat  Ions  for  every  specimen  ( Boon  tt  4I.. ,  1985)  even  though 


the  lipid  content  is  30  low  (de  Kock,  19B3,  Gardner,  pers.  comm. , 
Hartley  and  Johnston,  1983). 

Statistical  analysis 

Two-way  factorial  ANOVAs  with  replication  were  used  to 
analyze  Cot  dlCCerences  In  body  burdens  among  caqe    position, 
exposure  periods,  and  sites.  The  ANOVAs  were  computed  using  the 
Systat  computer  package.  Analysis  of  purging  data  for  differences 
of  means  and  deviation  from  linear  regression  (expressed  as  test 
for  linear  regression)  followed  Sokal  and  Rohlf  (1969).  The 
confidence  Intervals  used  represent  two  standard  errors. 


RESULTS 
ACCUHULATIOH 
DlfEerences  In  body  burden  among  depths 

There  were  no  significant  dlEEerences  In  the  body  burdens  o£ 
QCB,  HCB,  and  OCS  In  mussels  placed  In  cages  near  the  surface, 
one  m  from  the  sediment,  and  on  the  sediment  at  the  Valpole  and 
Chenal  Ecarte  sites  with  the  exception  of  QCB  at  Chenal  Ecarte 
(Tables  1,  2,    Figs  A,    5).  For  six  exposure  periods  there  were  no 
significant  differences  In  the  body  burdens  of  the  study 
compounds  In  mussels  placed  near  the  surface  and  one  m  from  the 
sediment  at  Walpole  and  Chenal  Ecarte  (Tables  3,  A).     At 
Wallaceburg,  no  significant  differences  were  detected  In  the  body 
burdens  of  QCB,  HCB,  and  OCS  In  mussels  placed  in  cages  near  the 
surface  and  those  deployed  on  the  sediment  (Table  5,  Fig  6). 

Contaminant  accumulation  at  each  site 

Although  the  accumulation  of  each  contaminant  was  similar  at 
all  depths  within  a  site,  there  were  differences  In  the  pattern 
of  contaminant  uptake  among  the  three  compounds  Investigated.  For 
example,  OCS  displayed  a  relatively  linear  Increase  In 
concentration  with  Increased  exposure  time  at  Walpole,  Chenal 
Ecarte,  and  Wallaceburg  with  detectable  concentrations  observed 
after  twenty  days  (Figs  4,  5,  6).  The  levels  of  HCB  were  also 
detectable  after  twenty  days  and  continued  to  increase  with 
greater  exposure  time,  though  the  accumulation  profile  was  more 


Table  1.  Summary  oE  a  two-way  (three  depths  {top,  bottom,  and 
sediment)  and  three  exposure  periods  (7/31  -  9/12, 
7/31  -  10/3,  8/21  -  10/3)1  AHOVA  compatlnq  QCB,  HCB, 
and  OCS  accumulation  at  the  Walpole  site. 


Contaminant      Source  of       df       HS 
var  lat Ion 


QCB 


HCB 


OCS 


Depth 
Exposure 
Interact  1 
Error 

on 

2 

2 

4 

29 

0.048 
0.085 
0.027 
0.027 

1 
3 
1 

75 
12 
00 

ns 
ns 
ns 

Depth 
Exposure 
Interact  1 
Error 

on 

2 

2 

4 

29 

0.697 
6.739 
0.620 
0.641 

1 

10 

0 

09 
52 
97 

ns 

<.001 

ns 

Depth 
Exposure 
Interact  1 
Error 

on 

2 

2 

4 

29 

1.324 

214.477 

16.B40 

7.683 

0 

27 
2 

17 
92 
19 

ns 
<.001 

ns 

Table  2 ,  Summary  o£  a  two-way  <three  dppths  (top,  bottom,  and 
sediment)  and  three  exposure  periods  (7/31  -  10/3, 
8/21  -  10/3,  9/12  -  10/3M  ANOVA  comparing  QCB,  HCB, 
and  OCS  accumulation  at  the  Chenal  Ecarte  site. 


Contaminant      Source  oE       dC       HS 
variation 


QCB 


HCB 


OCS 


Depth 
Exposure 
Interact  1 
Error 

on 

2 

2 

A 

29 

0.294 
0.105 
0.120 

o.oei 

3.64 
1.03 
1.49 

<.05 
ns 
ns 

Depth 
Exposure 
Interact  I 
Error 

on 

2 

2 

4 

29 

2.138 
6.977 
2.569 
1.343 

1.59 
5.20 
1.91 

ns 

<.05 

ns 

Depth 
Exposure 
I nteract 1 
Error 

on 

2 
2 
4 

29 

19.709 

166.230 

18.396 

16.090 

1.23 

10.33 

1.14 

ns 

<.001 
ns 

h 


Fig  4.  Mean  accumulation  oE  QCB,  HCB,  and  OCS  at  the  Walpole  site 
for  E|.),iptlQ  cotWDlanata  mussels  (n  =  3)  exposed  at  three 
depths.  Outer  symbols  represent  +.  1  standard  error. 
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Flq  5.  Mean  accumulation  of  QCB,  HCB,  and  0C3  at  the  Chenal 
Ecarte  site  for  E\,  Ilptlo  CQiwpIanata  mussels  (n  =  3) 
exposed  at  thcee  depths .  Outer  symbo  Is  represent  i,  1 
standard  erioz . 
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Table  3 .  Summary  of  a  two  way  (two  depths  (top  and  bottom)  and 
six  exposuce  periods  (7/11  -  7/31,  7/11  -  8/21,  7/31 
-  9/12,  7/31  -  10/3,  B/21  -  10/3,  9/12  -  10/3)»  ANOVA 
compaElnq  QCB,  HCB,  and  0C3  accumulation  at  the 
Ua Ipole  s 1 te . 


Contaminant      Source  of       d£       MS 
variation 


QCB 


HCB 


0C3 


Depth 

1 

0 

005 

0 

26 

ns 

Exposure 

5 

0 

407 

19 

73 

<.001 

I nter act  1 

on 

5 

0 

027 

1 

33 

na 

Error 

34 

0 

021 

Depth 

1 

0 

010 

0 

02 

ns 

Exposure 

5 

e 

923 

11 

56 

<.001 

Interact  1 

on 

5 

0 

740 

1 

24 

ns 

Error 

34 

0 

599 

Depth 

1 

0 

484 

0 

oe 

na 

Exposure 

5 

213 

335 

35 

42 

<.001 

Interact  1 

on 

5 

6 

633 

1 

10 

ns 

Error 

34 

6 

023 

Table  4.  Summary  of  a  two-way  (two  depths  (top  and  bottom)  and 
seven  exposure  periods  (7/11  -  7/31,  7/11  -  8/21, 
7/11  -9/12,  7/11    10/3,  7/31  -  10/3,  8/21  -  10/3, 
9/12  -  10/3))  ANOVA  comparing  QCB,  HCB,  and  OCS 
accumulation  at  the  Chenal  Bcacte  site. 


Contaminant 


QCB 


HCB 


OCS 


Source  of 

dE 

MS 

F 

P 

var  lat Ion 

Depth 

1 

0.000 

0.00 

ns 

Exposure 

6 

0.452 

7.35 

<.001 

Interact  1 

on 

6 

0.050 

0.81 

ns 

Error 

33 

0.061 

Depth 

1 

0.759 

0.75 

ns 

Exposure 

6 

10.366 

10.18 

<.001 

Interact! 

on 

e 

0.629 

0.61 

ns 

Error 

33 

1.018 

Depth 

1 

8.525 

0.96 

ns 

Exposure 

6 

125.233 

14.07 

<.001 

Interact  1 

on 

6 

12.765 

1.43 

ns 

Error 

33 

6.903 

Table  5 .  Summary  of  a  two-way  (two  depths  (top  and  sediment 
and  five  exposure  periods  (8/6  -  8/27,  8/6  -  9/23, 
8/6  -  10/23,  8/27  -  10/3,  9/23  -  10/23))  ANOVA 
comparing  QCB,  IICB,  and  OCS  accumulation  at  the 
Uallaceburg  site. 


Contaminant      Source  of       d£       H5 
var  lat Ion 


QCB 


HCB 


OCS 


Depth 
Exposure 
Interact  1 
Error 

on 

1 
4 
4 

33 

0 
0 
0 
0 

013 
568 
005 
015 

0 

36 

0 

82 
95 
33 

ns 

<.001 
ns 

Depth 
Exposure 
Interact  1 
Error 

on 

L 

i 

4 
33 

0 

10 

0 

1 

294 
533 
57B 
133 

0 
9 
0 

26 
29 
51 

ns 

<.0Ol 

ns 

Depth 
Exposure 
Interactl 
Error 

on 

1 
4 

4 
33 

3 
193 

17 
9 

240 

425 
462 
762 

0 

19 

1 

33 

82 
79 

ns 

<.001 

ns 

Flq  6.  Mean  accumulation  of  OCR,  IICD,  and  OCS  at  the  Wallaceburq 
site  tor  Ell Ipt lo  complanata  mussels  (n  =  3)  exposed  at 
two  depths.  Outer  symbols  represent  ±_   1  standard  error. 
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BEiatlc.  At  each  site,  body  burdens  of  OCS  wetn  qtpate  r  than 
those  of  HCB.  Levels  of  QCD  accumulated  much  mote  slowly  with 
s Iqnl f  Vcant  accumulat  ion  occur r  Vnq  after  forty  days  and  body 
burdens  temalnlnq  much  lower  than  those  of  HCB  or  OCS  throughout 
the  study  (Fiqs  4,    5,  6) . 

The  mean  body  burdens  of  the  three  contaminants  decl Ined  after 
48  days  at  the  Wallaceburg  site  with  the  exception  of  OCS  levels 
In  mussels  placed  near  the  surface.  The  only  other  detected 
decrease  in  mean  concentrations  with  a  longer  exposure  period  was 
for  QCB  in  the  surface  mussels  at  Walpole: 

There  were  significant  differences  In  the  body  burdens  among 
exposure  times  for  all  contaminants  at  Walpole,  Chenal  Ecarte, 
and  Wallaceburg  except  QCB  levels  did  not  differ  significantly 
among  the  six  exposure  periods  at  Chenal  Ecarte, 

Ho  significant  interactions  were  observed  In  any  of  the  ANOVAs 
used  to  analyze  the  effects  of  cage  Location  and  site  on 
contaminant  uptake  Indicating  that  the  concentration  of 
contaminant  accumulat ing  for  a  g 1 ven  exposure  per lod  d  id  not 
differ  among  the  cages. 

Variation  in  contaminant  accumulation  among  sites 

Ho  significant  differences  were  observed  In  the  levels  of  QCB 
and  OCS  between  the  Walpole  and  Chenal  Ecarte  sites  for  seven 
exposure  periods  (Table  6).  Concentrations  of  HCB  were 
significantly  greater  at  Chenal  Ecarte  than  Walpole.  Most  of  the 
variation  observed  was  due  to  variation  In  body  burdens  among  the 


Table  6.  Summary  of  a  two-way  ANOVA  comparing  QCB,  HCB,  and 
OCS  levels  between  Walpole  and  Chenal  Ecacte  sites 
£or  seven  exposure  periods  (7/11  -  7/31,  7/11  - 
8/21,  7/31  -  10/3,  B/21  -     10/3,  9/12  -  10/3,  7/31 
8/21,  7/31  -  9/12) . 


Contaminant      Source  of       df       HS 
var  lat Ion 


QCB 


HCB 


OCS 


Site 

1 

0.023 

0 

52 

ns 

Exposure 

6 

0.832 

18 

94 

< 

001 

Interacfcl 

on 

6 

0.014 

0 

32 

ns 

ErcoE 

100 

0.044 

Depth 

1 

4.329 

4 

89 

< 

05 

Exposure 

6 

17.843 

20 

14 

< 

001 

Interactl 

on 

6 

0.963 

1 

09 

ns 

Eeeoc 

100 

0.886 

Depth 

I 

22.740 

2 

21 

ns 

Exposure 

6 

391.228 

37 

99 

< 

001 

Interact  1 

on 

6 

1.293 

0 

13 

ns 

Error 

100 

10.300 

exposure  periods  (Table  6).  The  l^ck  of  significant  Interaction 
between  expos ute  period  and  site  for  each  contaminant  suggests 
that  the  level  of  contaminant  acquisition  was  similar  for  a  given 
exposuze  period  between  the  two  sites. 

Comparisons  between  the  Wallaceburq  and  Walpole  and  Chenal 
Ecarte  sites  could  not  be  made  directly  since  the  Wallaceburq 
site  differed  for  both  the  season  and  length  of  exposure. 
However,  QCB,  HCB,  and  OCS  accumulation  at  Wallaceburg  was 
slmllac  to  the  levels  of  uptake  observed  at  Walpole  and  Chenal 
Ecarte  (Figs  4,  5,  and  6).  Accumulation  of  all  three  contaminants 
was  much  lower  at  the  Lake  St.  Clair  sites  oC  Stoney  Point  and 
Belle  River  than  at  sites  In  and  adjacent  to  the  St.  Clair  River 
(Table  7).  After  61  days  of  exposure,  the  mean  body  burdens  oE 
QCB,  HOB,  and  OCS  In  the  mussels  at  the  Lake  St.  Clair  sites  were 
less  than  one  ppb . 

Seasonal  variation  In  contaminant  accumulation 

The  mussel  deployment  and  recovery  schedule  allowed  for  a 
comparison  of  contaminant  accumulation  between  exposures  of  the 
same  length  but  at  different  periods  of  the  summer  and  fall.  The 
pooled  (all  cages  combined)  mean  body  burdens  for  all  three 
contaminants  differed  significantly  among  the  starting  dates  for 
twenty  and  41  day  exposure  periods  at  both  the  Walpole  and  Chenal 
Ecarte  sites  (Tables  8,  9).  In  all  cases  the  latest  starting  date 
produced  the  greatest  accumulation  of  contaminants  for  similar 
exposure  t Imes . 


Table  7.  Pooled  mean  body  burdens  (1  S.  E.)  for  Ell Iptjo 

compiatjat^  Individuals  exposed  near  the  surface  and  on 
the  sediment  at  Stoney  Point  and  Belle  River. 

Stoney  Point  Belle  River 

Concentration  (ppb,  wet  weight) 
Exposure     Days 

Per lod     Exposed   N    QCB    HCB     OCS  H    QCB    HCB     OCS 

8/7  -  8/29    22     6   0.10    0.29    0.17  6   0.10    0.41    0.24 

(0.00)  (0.24)  {0.01}  (0.00)  (0.06)  (0.03) 

B/7  -  9/24    48     6   0.13    0.38    0.53  6   0.35    0.32    0.42 

(0.03)  (0.06)  (0.21)  (0.06)  (0.03)  (0.07) 

8/7  -  10/27   Bl     5   0.32    0.77    0.19  5   0.26    0.22    0.22 

(0.07)  (0.S5)  (0.02)  (0.04)  (0.04)  (0.01) 


Table  8.  Seasonal  variation  In  accumulation  of  cont-imlnants  at 
the  Walpole  site.  Mean  body  burdens  (1  S.  E.) 
represent  Individuals  pooled  from  all  three  caqe 
po3ltlon3.  Tests  are  for  significant  differences  amonq 
start Inq  dates . 

Cone,  (ppb  Wet  Weight) 
Days  of      Starting 
Exposure        Date       H        QCB  HCB  OCS 

20  July  11  6  0.15(0.03)  1.99(0.34)  3.05(0.55) 

20  July  31  3  0.09(0.03)  1.51(0.23)  5.02(0.33) 

21  Sept  12  5  0.55(0.06)  3.10(0.29)  7.16(1.60) 
Significance                      *••           •  • 


July 

11 

6 

0.15(0.03) 

July 

31 

3 

0.09(0.03) 

Sept 

12 

5 

0.55(0.06) 
*  •  « 

July 

11 

6 

0.12(0.02) 

July 

31 

9 

0.45(0.09) 

Aug 

21 

16 

0.63(0.03) 

41  July  11      6    0.12(0.02)  1.03(0.30)  6.60(1.20) 

43  July  31      9    0.45(0.09)  2.31(0.29)  6.92(0.76) 

43  Aug   21  16    0.63(0.03)  3.75(0.19)  14.47(0.67) 

Significance                       •■•           »•*  *** 

•  p  <  0.05       «••  p  <  0.001 


Table  9.  Seasonal  variation  In  accumulation  of  contaminants  at 
the  Chenal  Ecarte  site.  Mean  body  buttlens  (1  S.  E.) 
represent  Individuals  pooled  Ecom  all  thcee  cage 
positions.  Tests  are  tot    significant  dlEferences  among 
starting  dates. 

Cone,  (ppb  Wet  Weight) 
Days  of      Starting 
Exposure        Date       N        QCB  HCB  0C5 

20  July  11  6  0.18(0.03)  2.48(0.17)  4.16(0.471 

20  July  31  3  0.23(0.10)  1.83(0.19)  4.60(0.83) 

21  Sept  12  9  0.56(0.11)  3.48(0.36)  8.80(1.53) 
Slgnieicance                       •             »  • 

41         July  11      6    0.15(0.03)  1.49(0.331  7.50(1.04) 

43         July  31      3    0.36(0.04)  3.00(0.27)  8.79(0.49) 

43         Aug   21     19    0.73(0.07)  4.13(0.19)  15.22(0.86) 

*•■           «••  *•* 


S IgnlClcance 


«  p  <  0.05       •*•  p  <  0.001 


DEPURATION 

Pattern  oC  contaminant  loss 

Lampallls  tadlata  specimens  transferred  from  the  contaminant 
plume  In  Lake  St.  Clair  to  a  pristine  site  on  the  Upper  St.  Clair 
River  displayed  chemical  specific  purging  rates  and  patterns 
(Table  10).  More  than  two-thirds  of  the  HCB  body  burden  was 
purged  during  the  first  exposure  period  (4  days)  and  greater  than 
90  percent  of  the  burden  was  lost  within  sixty  days  (Fig.  7). 
There  were  no  significant  losses  of  OCS  initially,  until  the 
third  sampling  date,  after  which  purging  occurred  through  the 
remainder  of  the  study  iFlg  6).  There  were  significant 
differences  among  the  means  for  all  contaminants  among  sampling 
periods  (Table  10).  Concentrations  of  HCB  and  OCS  Increased 
between  the  second  and  third  sampling  periods.  As  the  ten  mussels 
involved  were  analyzed  on  seven  different  days  and  in  conjunction 
with  mussels  from  Lake  St.  Clair  and  the  first  sampling  it  is 
unlikely  that  this  Increase  was  due  to  an  analytical  bias. 
Furthermore,  three  samples  that  clearly  had  the  greater  body 
burdens  were  processed  at  separate  times. 

After  logarithmic  transformation  of  the  data,  OCS  displayed  a 
linear  purging  pattern  while  the  purging  rate  of  HCB  was  clearly 
non-linear  (Table  11) . 


Table  10.  Mean  percent  loss  (gain)  of  Initial  body  burden  In 

Lamp?  1 1 15  cad  Lata  after  exposure  at  a  pristine  site  in 
the   Upper  St.  Clair  River.  Tests  (^=.01)  for 
differences  among  means  for  all  sampling  periods 
followed  Sokal  and  Rohlf  (1969). 


Contaminant      Time  since  transfer  Dlff.  among 

(days)  exposure  means 

4        8       59         F-catlo       Slg 


HCB  67.8     72.4     90.2         48.89        Ves 

oca  25.5     16.9     58.2  6.06         Yes 


Flq  7.  Mean  body  burdens  of  MCO  In  LampallLs.  Eadlata  Individuals 
transferred  from  site  three  In  Lake  St.  Clalt  to  the 
Upper  St.  Clalt  River  and  exposed  for  59  days  (n  ^10). 
Triangles  represent  the  mean  body  burden  of  El  1  Ipt  1<? 
comElan.ata  specimens  transferred  from  Balsam  Lake  to  the 
putqlnq  site. 
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Flq  B.  Hean  body  burdens  of  OCS  In  Lamps J  Ha  tadiata  Individuals 
transCerred  £tom  site  three  In  Lake  St.  Clalt  to  the 
Upper  St.  Clair  River  and  exposed  for  59  days  (n  =10). 
Tr  lantjles  represent  the  mean  body  burden  of  Ell  Ipt  ,lo 
complanata  specimens  transferred  from  Balsam  Lake  to  the 
purglnq  s 1 te  . 
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Table  11. Teat  for  dlEfetences  In  the  means  and  a  linear 
putglng  pattern  for  the  entire  purqlnq  study 
of  Lamps  11 1 3  E^dLita  mussels  In  the  Upper  St. 
Clair  River,  uslnq  logarithmic  values  (?= . 01 )  . 


Contaminant  Differences  Linear 

among  means         Regress  Ion 
F-ratlo    Slq.      F-ratlo    Slq 


HCB  57.57     Yes         7.25     No 

OCS  e.67     Yes         2.89     Yes 


t 


DISCUSSION 
AccuRiulat  Ion  of  contaminants 

Body  burdens  of  QCB,  HCB,  and  OCS  did  not  differ  significantly 
among  mussels  placed  In  cages  neat  the  surface  of  the  water,  one 
m  above  the  sediment  and  on  the  sediment.  Thus  the  vertical 
distribution  of  these  contaminants  in  the  water  column  appears  to 
be  uniform  and  the  water  phase  Is  Implied  as    the  primary  source 
oC  organic  compounds  for  the  mussels.  Therefoce  blomonltors 
deployed  near  the  water's  surface  will  be  representative  of  the 
mlccohabitat  they  ace  surveying. 

After  exposure  periods  up  to  81  days  the  body  burdens  In  the 
mussels  still  did  not  appear  to  reach  equilibrium  with  the  levels 
of  contaminants  in  the  water.  This  may  have  resulted  from  the 
seasonal  effects  as  discussed  later  In  this  section  or  changes  In 
the  source  inputs  of  QCB,  HCB,  and  OCS  In  the  area.  Regardless, 
this  observation  suggests  that  exposure  times  used  In  some  of  the 
previous  stud les  may  be  too  short . 

There  have  been  considerable  differences  observed  In  the  time 
required  for  organic  contaminants  levels  in  biota  to  reach 
equilibrium  with  concentrations  in  the  water.  Kauss  ei  ii-  (1993) 
found  ElllptlQ  (^omplanata  individuals  placed  in  cages  in  the 
water  column  to  accumulate  detectable  levels  of  PCBs  after  two  to 
four  days  of  exposure  and  to  equilibrate  with  the  concentrations 
In  the  surrounding  water  within  eight  days.  When  exposed  to 
contaminated  soil  in  the  laboratory,  body  burdens  of  PCBs  in 
Hytl  lua  g.duL.tS  reached  a  steady  state  In  twenty  days  (Pcuell  et 


aJL-,  1996).  However,  Myti  lua  fiduJLl^.  Specimens  placed  In  cages  In 
the  North  Sea  did  not  reach  plateau  levels  for  two  to  three 
montha  (de  kock  1983) . 

Other  organism  appear  to  react  much  more  slowly  to  changes  In 
the  ambient  contaminant  levels.  Polychloc Inated  blphenyl  levels 
did  not  equilibrate  In  polychaete  worms  and  shrimp  after  thirty- 
two  days  of  exposure  (Hcleese  tt  il.- »  1980).  The  body  burdens  of 
HCB  and  OCS  In  ollgochaetes  exposed  to  contaminated  sediment 
failed  to  reach  a  steady  state  after  120  days  (Oliver  19S4). 
Fathead  minnows  required  100  days  for  their  levels  of  PCBs  to 
attain  equilibrium  (Defoe  ^  al.- /  1978). 

The  more  erratic  pattern  observed  In  the  uptake  of  HCB 
relative  to  OCS  may  Indicate  that  the  body  burdens  of  HCB  can 
reflect  the  ambient  concentrations  more  quickly  than  OCS.  The 
greater  decline  In  HCB  levels  observed  at  Wallaceburg  during  the 
last  sampling  period  also  suggests  a  quicker  response  time  for 
HCB.  The  chemical  properltles  that  may  be  responsible  for  these 
observations  aza    discussed  In  the  depuration  section. 

Since  contaminant  levels  are  similar  at  Chenal  Ecarte  and 
Walpole,  a  significant  portion  of  the  contaminant  plume  flowing 
along  the  Canadian  shoreline  of  the  St.  Clalt  River  appears  to  be 
deflected  Into  Chenal  Ecarte.  Similar  levels  found  at  the 
Wallaceburg  site  Indicates  that  the  contaminants  remain  In  the 
channel  for  a  considerable  distance.  The  low  levels  oC  QCB,  HCB, 
and  OCS  observed  at  Stoney  Point  and  Belle  Rivet  suggests  that 
these  sites  are  located  south  of  the  contaminant  plume  In  Lake 
St.  Clalt.  This  confirms  previous  findings  which  Indicate  that 


the  contaminant  patterns  near  the  south  shore  of  Lake  St.  Clair 
ace  not  Influenced  by  the  organic  compounds  E lowing  from  the  St . 
Clair  River  (Huncaater,  1987,  PuqsJey  ai.  fti. ,  1985). 

Mussels  which  were  deployed  later  In  the  season  had 
consistently  greater  body  burdens  than  specimens  exposed  for 
similar  time  periods  but  earlier  In  the  year.  This  may  explain 
why  the  body  burdens  of  the  mussels  did  not  appear  to  reach 
equilibrium  with  the  contanlnant  concentcat Ions  In  the 
surrounding  water  even  after  exposure  periods  of  61  days.  The 
greater  body  burdens  observed  In  the  fall  may  have  resulted  from 
the  decrease  In  water  solubility  that  organic  compounds 
experience  with  a  decline  In  the  water  temperature  (Dlckhut  tt 
al .  ,  1986).  The  lower  solubility  would  correspond  to  a  greater 
affinity  of  the  contaminants  for  the  lipids  in  the  mussel 
t  Issues .  Phys 1 clog Leal  changes  In  the  mussels  resulting  In 
alterations  of  the  lipid  content  or  changes  In  the  feeding 
behaviour  may  also  account  for  the  seasonal  variation  observed. 
De  kock  (1983  1  found  consistently  greater  PCB  burdens  In  Hytllus 
edulls  individuals  placed  In  the  North  Sea  In  the  winter  relative 
to  those  in  mussels  at  similar  locations  In  the  summer.  The 
period  required  for  levels  of  PCBS  In  the  mussels  to  reach 
equilibrium  with  those  In  the  water  decreased  from  100  to  60  days 
when  musse Is  were  exposed  In  the  winter  relative  to  the  summer 
(de  Kock,  1983)  . 


pattern  o£  Contaminant  Los!i 

Factots  that  affect  the  purging  rate  of  a  compound  are  Its 
molecular  weight,  water  solubility,  and  sterlc  properties,  all  of 
which  determine  Its  aEflnlty  for  lipids  In  the  body  tissue 
(expressed  by  the  octanol -water  coeEEiclent  lK«w) )  (Geyer  gi  aj ■ , 
1982).  The  location  and  amount  of  lipids  in  an  organism  also 
tnf luences  the  behaviour  of  contaminants . 

When  transferred  to  a  pristine  site  In  the  Upper  St.  Clair 
River,  the  pattern  of  contaminant  loss  In  Lamps  1  Ha  cadlata  was 
chemical  specific.  The  large  initial  decline  of  HCB  suggested 
that  a  portion  of  the  body  burden  was  easily  purged  when  the 
mussels  were  placed  In  a  clean  environment .  Octach locos tyrene 
displayed  no  contaminant  loss  Initially.  However ,  over  the 
duration  of  the  study,  5S  percent  of  the  0C3  burden  was  lost  by 
the  mussels.  Thtfse  results  suggest  that  fluctuations  In  the  HCB 
and  to  a  lesser  degree  OCS  burdens  will  reflect  short  term 
changes  In  the  contaminant  levels  In  the  ambient  water. 

The  chemical  properties  of  HCB  and  OCS  are  consistent  with  the 
purging  observations.  Hexachlorobenzene  has  a  lower  K,w  than  OCS 
and  thus  should  decline  more  quickly  IE  the  ambient  contaminant 
levels  are  reduced.  The  lower  molecular  weight  of  HCB  may  permit 
it  to  cross  membranes  more  readily  and  equilibrate  with  the 
surrounding  medium  (Oliver,  1964).  Konemann  and  Leeamen  (1960) 
determined  that  maximal  bloaccumulat Ion  occurs  in  a  compound 
possessing  a  log(K_w)  near  6.5.  Spade  and  Hamellnk  (1985)  noted 
that  some  non-polar  organic  molecules  are  able  to  diffuse  rapidly 
across  the  lipid  bllayer  of  membranes.  This  would  explain  the 


quick  purqLng  of  HCB  despite  Its  non-polar  nature  relative  to  OCS 
(as  Ind Icated  by  the  Lower  retention  time  oE  HCB). 

Samples  taken  on  day  Elfteen  of  the  purging  study  showed  an 
increase  In  the  body  burden  oC  all  contaminants.  Ho  clear 
explanation  is  available  for  this  result,  although  It  is  possible 
that  environmental  contaminant  levels  Increased  during  this 
period.  Alternatively,  the  stress  of  transportation  and  handling 
may  have  inhibited  feeding  and  resulted  In  very  little  purging  o£ 
some  contaminants  for  the  first  fifteen  days.  This  has  been 
observed  for  transplant  experiments  Involving  ollqochaetes 
(Oliver,  pers.  comm. ) .  For  OCS,  there  was  no  significant 
difference  between  the  mean  body  burden  at  time  zero  and  the 
third  sampl Ing . 

The  elimination  of  contaminants  Is  a  slower  process  than  the 
accumulation  due  to  the  hydrophobic  nature  oE  the  toxicants  (Boon 
£t  aJLw  1985,  Larsson,  1986,  Pruell  at  ai.. ,  1986).  The  ability  of 
L-  tad  lata  to  eliminate  greater  than  50  percent  oE  its  body 
burden  of  HCB  within  four  days  represents  a  very  fast  purging 
rate.  Although  HCB  Is  considered  to  depurate  rapidly  from  aquatic 
organisms  (Sax,  1984),  Tarkpea  fti.  ai-  11985)  calculated  a  half- 
life  of  81  days  for  HCB  In  fish  livers.  In  the  same  study, 
Tarkpea  fei  ti-  (1985)  determined  a  half-life  of  143  days  for  OCS, 
Indicating,  as  In  the  present  study,  the  tendency  of  HCB  to  be 
purged  more  rapidly.  PCBs  appear  to  be  purged  much  more  slowly, 
though  It  Is  highly  dependent  on  the  test  organism  used  (Boon  e_t 
at  .  ,  1985).  Defoe  e_Lal..  (197B)  found  no  appreciable  loss  In  the 
total  body  burden  of  PCBs  In  fathead  minnows  after  60  days.  There 


was  no  obvious  excretion  of  PCHs  by  polychaete  worms  during  a  26 
day  exposure  (HcLeese  ^^  ai- ,  1980).  The  halC-llEe  of  PCBs  In 
trout  was  found  to  be  several  years  (Nllml  and  Ollvpt,  19831.  A 
laboratory  study  by  Prtiell  e_t  aJL-  (1986)  suggested  that  mussels 
may  eliminate  PCBs  more  readily.  Half-lives  of  four  congeners  In 
Myt  1  lus  edul,  Ig  ranged  from  16  to  46  days,  with  slower  purging 
tates  associated  with  the  more  hlghly-chloc Inated  congeners.  This 
contrasts  with  findings  presented  here,  In  which  the  congener 
with  the  greatest  chlorlnatlon  (180)  was  purged  most  rapidly. 
Hornshaw  tt^  aI-  (1983)  similarly  observed  that  mink  eliminated 
the  hlghly-chlor Inated  congeners  more  readily. 

Before  depuration  rates  can  be  estimated,  an  appropr late 
kinetic  model  must  be  applied  to  the  data.  The  behaviour  of  a 
contaminant  within  an  organism  can  be  represented  by  either  one 
or  two -compartment  mode  Is ,  where  a  compartment  Is  defined  as  a 
quantity  of  pollutant  with  uniform  kinetics  of  transport  and 
transformation  (Connel  and  Miller,  1984,  Spacle  and  Hamellnk, 
1985).  With  the  simplest  model  the  entire  body  burden  behaves 
with  unlEorm  kinetics,  while  two  distinct  pools,  each  with  their 
own  characteristics,  exist  In  the  two-compartment  model.  Connel 
and  Miller  (1984)  defined  the  pool  that  Is  more  readily  lost  as 
the  peripheral,  or  non-asslml lated,  compartment,  this  Is  In 
equilibrium  with  the  external  medium.  Uptake  and  elimination  of 
compounds  will  occur  only  via  the  peripheral  compartment.  The 
second  pool,  which  equilibrates  with  the  peripheral  body  burden. 
Is  the  central  compartment. 

When  plotted  on  a  logar Ithmlc  scale,  a  one -compartment  model 


produces  a  negative  linear  relationship  between  body  burden  and 
time,  while  an  Invets.e  curvilinear  correlation  between  burden  and 
time  represents  a  contaminant  exhlbl t Inq  two  compartment 
characteristics  (Spacle  and  tlamellnk,  1966).  In  the  present 
study,  only  the  loss  of  OC3  showed  a  significant  fit  of  linear 
reqresalon  after  trans  for mat  Ion.  Hexachlorobezene ' s  depurat Ion 
rate  clearly  displayed  a  non-linear  relationship,  suggesting  the 
body  burden  in  the  mussels  was  located  In  two  compar  tments.  This 
may  be  explained  by  the  lower  1 Ipophl 1 Ic 1 ty  of  HCB,  which  allowed 
significant  accumulations  external  to  the  body  tissues.  The 
Initial  high  rate  of  HCB  loss  could  be  attributed  to  the  transfer 
of  the  burden  from  this  non-asslmllated  pool  to  the  water.  In 
contrast,  the  burdens  of  OCS  and  the  PCBs  appear  to  have  been 
centralized  in  a  pool ,     from  which  the  compounds  were  not  easily 
purged.  The  behaviour  of  HCB  Is  Inconsistent  with  the  assumption 
that  it  represents  a  one -compartment  model  1 n  gupples  as  stated 
by  Konemann  and  Hansen  (1966). 

For  goldfish,  Nagel  and  Ulrlch  (1980)  identified  the  gills  as 
the  peripheral  pool,  while  the  remaining  body  t Issues  represented 
the  central  compartment .  Ninety-five  percent  of  the  phenols  of 
low  molecular  weight  and  high  polarity  were  eliminated  from  the 
gills  within  four  hours ,  whl le  dur  ing  the  same  per  lod  ninety- 
seven  percent  of  the  burden  in  the  body  was  retained.  Studies  on 
depuration  kinetics  of  petroleum  hydrocarbons  and  or ganopJiosphate 
insecticides  in  mussels  can  also  be  explained  IE  there  are  two 
contaminant  compartments  (Broman  and  Canning,  1966,  McLeeae  e_L 
alw  1979). 


SUHHARY 

The  fceshwateE  mussel,  E.  qomplanata.  Illustrated  no 
significant  dlEference  in  uptake  of  contaminants  throughout  the 
water  column  or  on  the  sediment  sur  £ace .  This  suggests  that  the 
water  phase  might  be  the  main  exposure  source  o£  the  Invest  1 gated 
contaminants  In  the  Huron-Brie  corridor.  Perhaps  the  most 
significant  observation  was  the  seasonal  dlECerences  In  uptake 
rates.  Comparable  exposure  periods  later  In  the  year  resulted  In 
Increased  body  burdens .  Th Is  might  have  been  a  function  of  either 
Increased  loadings  to  the  system  or  by  changes  In  water 
temperature  affect Ing  the  solubility  of  these  compounds  In  water . 
Other  potent lal  explanat Ions  are  the  reduced  absorption  of  the 
compounds  within  the  wetland  habitats  (decreased  productivity)  or 
changes  In  the  dissolved  organic  content  of  the  water  mass. 
Factors  regulating  seasonality  In  uptake  rates  must  be  resolved 
before  blomonltor Ing  can  be  applied  to  critical  water  quality 
management  concerns . 

Site  differences  were  quite  evident  In  uptake  patterns.  At  the 
Walpole  site,  where  mussels  were  exposed  within  the  main  channel 
there  was  a  continuous  uptake  of  QCB,  HCB,  and  OCS .  The  Chenal 
Ecacte  site,  however  showed  a  more  event  type  exposure  pattern 
for  QCB  and  HCB,  which  was  even  more  dramatic  at  the  Wallaceburg 
site.  These  observations  at  the  latter  two  sites  demonstrate  that 
other  parameters  may  be  regulating  contaminant  exposures,  "fhe 
influence  being  more  measurable  with  QCB  and  HCB  as  opposed  to 
OCS. 


Depuration  rates  suggest  that  nussels  such  as  L-  radiate  might 
be  somewhat  sensitive  to  handling.  The  delay  In  the  deputation  ol 
OCS  Is  difficult  to  explain  with  regard  to  sampling  or  analytical 
error.  PEellmlnacy  studies  Indicate  that  differences  in  K»w 
values  may  strongly  regulate  depuration  rates  and  patterns. 
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Introduction 


High  mercury  concentrations  In  biota  have  been  observed  In 
rivers  or  lakes  that  have  received  mercury  discharges  from 
contaminated  effluents,  such  as  In  the  Engl Ish-Wablgoon  River 
(Rudd  et  al.  1983)  as  well  as  In  Impoundments  lakes  or  reservoirs 
(Bodaly  et  al.  1984;  Stokes  and  Wren  1987).  The  source  of  the 
mercury  present  In  fish  In  the  former  case  has  been  attributed  to 
the  direct  discharge  of  mercury,  while  the  Increase  In  fish 
mercury  In  reservoirs  has  been  related  to  Increased  bacterial 
methylat Ion .  This  Increase  In  methylatlon  has  been  attributed  to 
bacterial  degradation  of  flooded  vegetation  {Bodaly  et  al.  1984). 

However,  .  fish  In  lakes  that  are  remote  from  point  source 
pollution  or  have  not  been  flooded  also  have  been  found  to  have 
elevated  mercury  concentrations.  This  Is  the  case  In  several 
lakes  In  the  Huskoka-Ha 1 Ibur ton  area  where  fish  mercury  levels 
often  exceed  the  federal  guidelines  for  unrestricted  consumption 
(Suns  et  al.  1980,  1987;  Wren  and  MacCrlmmon  1983).  Until  now, 
it  has  not  been  clearly  understood  why  fish  mercury  levels  In 
these  lakes  can  reach  levels  found  In  very  contaminated 
ecosystems.  Moreover,  not  only  the  aquatic  ecosystem  Is  at  risk 
but  also  the  terrestrial  fauna  that  rely  on  aquatic  biota  as  a 
principal  food  source.  This  has  been  demonstrated  by  Wren  et  al. 
(1986)  who  found  high  levels  of  mercury  In  wildlife  feeding  on 
aquatic  organisms  In  the  Huskoka-Hal ibur ton  area. 

These  results  suggest  that  the  mercury  present  in  remote 
lakes  can  be  a  threat  not  only  to  humans,  but  also  to  the 
wildlife  feeding  on  fish  and  other  contaminated  aquatic  biota. 
Yet,  very  little  Is  known  about  Hq  levels  In  aquatic  organisms 
other  than  fish  In  these  lakes.  Although  fish,  especially  the 
the  top  predators  Integrate  the  Hg  present  In  a  lake,  they  can 
tell  us  very  little  about  the  origin  and  pathways  of  Hq . 

The  overall  objective  of  our  study  w.33  to  to  achieve  a  better 
understanding  of  Hg  pathways  In  lakes  remote  (rom  point  sources 
and  Impoundments .   To  ache  1  ve  this  ob ject I ve,  we  chose  to  work  on 


Table  1.   Location  and  morphometr Ic  data  on  Lake  Vernon  and 
Peninsula  lake  . 


Vernon 


Peninsula 


Latitude 
Lonql tude 
Elevation  (m) 
Suiface  (ha ) 
Maximum  depth  (m) 
Hean  depth  (m) 


45o20' 

79ol7' 

293 

1443 

37 

12.7 


45o25 
79o07 
283 

34 
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benthlc  Invertebrates.  We  chose  these  ocganlsms  for  several 
reasons .  First,  benthlc  Invei tebrates  are  an  Important  food 
source  for  £lsh  and  thus  can  contribute  to  the  mercury  burden  In 
fish.  Secondly,  the  restricted  movement  o£  the  benthos  compared 
to  fish,  enables  them  to  be  better  candidates  for  the 
Identification  of  localized  sources  of  mercury  If  there  are  any. 
Finally,  we  think  their  role  In  Hg  pathways  may  be  Important 
because  of  their  presence  In  or  In  close  contact  with  the 
sediments  which  are  usually  considered  as  a  sink  for  mercury  In 
heavily  contaminated  systems. 

The  specific  objective  of  our  study  was  to  evaluate  the 
Importance  of  benthlc  Invertebrates  In  Hq  pathways  In  lakes 
remote  from  point  source  of  mercury.  We  were  especially 
Interested  In: 

-  determining  Hg  levels  In  different  benthlc  organisms  and 
evaluating  the  Influence  on  Hq  concentrations  of  collection 
site,  time  of  year  and  organism  size. 

-  compar  i  ng  Hg  levels  among  benthlc  I nver  tebrates  species  or 
taxonomlc  groups  and  estimate  the  Influence  of  sediment  Hg, 
trophic  level  or  habitat  on  Hg  concentrations  observed  In  the 
different  organisms. 

Study  area 

The  study   was  conducted   on  Vernon  and  Peninsula  Lakes.   Both 

lakes   are   located     near   Huntsvllle,   Ontario.  The  precise 

location  and  morphometrlc  data  of  the  study  lakes  are  shown  In 
Table  1. 

The  two  lakes  differ  In  their  Hg  concentrations  found  In  fish. 
Fish  mercury  levels  In  Lake  Vernon  are  high;  lake  trout  were 
found  to  have  up  to  10  uq  Hg/g  In  their  edible  tissues  while 
small mouth  bass  had  up  to  3.6  ug  Hg/g  (Sherbln  1979).  In 
Peninsula  Lake,  fish  concentrations  are  lower  and  do  not  exceed 
1.0  ug  Hg/g  (Anonymous  1986). 


Methods 

Field  collections  and  aamgte  preparation 

The  Infauna  (invertebrates  living  In  the  sediments)  was 
sampled  at  7  sites  on  Lake  Vernon  (numbered  1  to  7)  and  one  site 
at  Its  outflow  at  Hunters  Bay  (HB)  (Figure  1).  Six  sites  were 
sampled  on  Peninsula  Lake  (Figure  2).  Ten  Fkman  grabs  (225  cm2 ) 
were  taken  in  the  littoral  zone  (0  -  3  m  depth)  at  each  site, 
each  month  from  June  through  October.  Benthlc  Invertebrates  were 
separated  from  the  sediments  In  a  plastic  selvlng  bucket.  They 
were  placed  In  a  container  with  lake  water  and  brouglit  to  the  lab 
In  a   cooler.    The  most   common  and  largest   organisms  were  (for 
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PlquEe  L.  Lake  Vernon.  Sites  1  to  7  and  KB  wece  sampled  evecy 
month  (roiB  June  to  October.  Freshwater  mussels  and 
crayfish  were  collected  at  two  sites  each  (Indicated 
by  H  and  C) . 
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Figure  2.  Peninsula  Lake.  Sites  1  to  6  wete  sampled  every  month 
from   June  to  Octobec .   Ftesh water  mussels  weie 
collected  at  site  H  and  crayfish  at  sites  C. 


both  lakes)  the  snail  C^tnceifinsa.  declsum,  the  mayfly  dgjtaigenla 
sp.,  and  ollgochaetes  (Annelida,  OHqochaeta).  Other  organisms, 
Including  Odonata,  Coleopteia,  Trichoptera,  and  Dlpteca  were  also 
collected  and  analyzed  for  llg,  but  since  they  were  less  common, 
these  results  were  pooled;  we  will  tefet  to  them  as  "other" 
organisms.  Additionally,  In  July  and  August,  Invertebrates  were 
qualitatively  sampled  at  Hood  Rapids  (site  ST,  Figure  1),  one  oE 
Lake  Vernon's  Inflows.  The  total  length  of  all  organisms  except 
ollgochaetes  was  measured  and  organisms  were  pooled  according  to 
their  size  (often,  several  organisms  were  needed  to  have 
sufficient  blomass  for  analysis).  Then  the  pooled  organisms 
were  dried  at  30oC  until  they  reached  constant  weight.  Usually  20 
to   70   mg  dry  weight  were  used  for  Hg  analysis. 

Bivalves,  mainly  Elllptlo  spp  were  collected  at  site  5  and 
near  Rock  Island  In  Lake  Vernon  (Figure  1)  and  at  site  2  In 
Peninsula  Lake  (Figure  2).  The  collection  was  done  by  divers  In 
July  and  August.  However,  some  bivalves  were  also  found  In  the 
grab  sampling  done  at  other  times.  They  were  Included  with  the 
remainder  of  the  bivalves.  Length,  width,  and  height  of  each 
bivalve  was  measured.  After  drying,  soft  tissues  of  the  bivalves 
were  homogenized  with  a  mortar  and  pestle,  and  20  to  60  mg  dry 
weight  was  used  for  Hg  analysis. 

The  crayfish  Cambatus  bactonl  was  also  collected  In  both  lakes 
and  In  Hood  Rapids  during  July  and  August.  They  were  collected 
using  minnow  traps  or  by  hand  when  snorkelling.  The  main 
collection  sites  are  Indicated  by  (C)  In  Figures  1  and  2. 
Cephalothorax  length  and  crayfish  total  weight  were  measured  for 
all  specimens.  Afterwards,  the  abdominal  muscle  was  removed  and 
Hg  analysis  was  performed  on  a  180  mg  (wet  weight)  sample. 

Surflclal  sediments  were  collected  In  August  at  each  site  on 
Lakes  Vernon  and  Peninsula.  Four  replicate  samples  were  taken 
with  an  Ekman  grab,  sediments  were  drained  and  freezed.  Prior 
to  Hg  analyses,  the  sediments  were  thawed,  mixed  and  2  to  4  g  wet 
weight  were  taken  for  Hg  analysis.  Water  content  In  sediments 
was  determined  on  approximately  5  g  subsamples  dried  at  llOoC  to 
constant  weight.  All  Hg  concentrations  were  converted  to  dry 
weight  basis.  The  percentage  of  organic  matter  In  sediments  was 
also  determined  by  ashing  the  dried  sediments  at  450oC  for  four 
hours.  only  pooled  preliminary  results  for  each  lake  will  be 
presented  here. 

Mercury  analysis 

Invertebrate  samples  were  digested  In  concentrated  sulfurlc- 
nltrlc  acid  (<:1)  at  230oC  In  an  aluminum  hot  block  for  12-16 
hours.  Samples  were  analyzed  for  total  mercury  by  cold  vapor 
atomic  absorption  spectrophotometry  using  a  Pharmacia  mercury 
monitor  (OHOE,  1983). 

Sediment  samples  were  analyzed   using  the   method  described  by 


the  Ontario   Hlnlstry  of  the  Environment   (1983). 

On  each  Hg  run,  every  tenth  sample  was  analyzed  In  triplicate. 
Of  these  triplicate  samples,  one  was  spiked  with  20  ngof 
Inorganic  Hg.  During  each  run,  standard  reference  matet lal 
(oyster  tissues,  Nat lonal  Bureau  of  Standards,  no  1566)  was 
analyzed  In  duplicate  along  with  duplicate  subsamples  of  a  large 
homogenized  fish.  The  accuracy  of  Hg  determination  In  oyster 
tissues  (0.057  ug  Hq/g )  was  estimated  to  be  1.7%  with  a  precision 
of  13. 8\.  Precision  on  replicate  fish  Hg  (mean  of  0.77  ug  Hg/g) 
determinations  was  6\.  Limits  of  detection  was  0.007  ug  Hg/g 
dry  weight  for  sediments,  0.006  q  Hg/g  wet  weight  for  crayfish 
abdominal  muscle,  and  0. OIB  ug  Hq/g  dry  weight  for  smaller 
Invertebrates  and  bivalves. 

Data   analysis 

We  used  two-way  AHOVA's  to  test  for  the  Influence  of  site  and 
collection  time  on  Hg  concentrations  in  Campeloma  declaum, 
Hexaqcnlfl  and  Ollgochaeta. 

Hg  concentrations  or  body  burden  were  fitted  against  body  size 
(weight  or  length)  with  simple  11 near  regressions.  Whenever 
possible  regressions  lines  were  compared  with  analysis  of 
covar lance . 


RflBults  and  dlacusslon 

The  Intluence — Ql_aXtfi (or  lake)  or  sampling  time on  benthlc  Hg 

concentrations 

The  effect  of  site  and  time  of  year  was  tested  simultaneously 
In  snails^  mayflies  and  ollqochaetes . 

In  the  snail  Campeloipa  declsum,  mean  Hq  concentrations  In  the 
115  samples  from  all  sites  and  sampling  times  ranged  from  0.32  to 
2.79  ug/q  dry  welqht  (Flqure  3).  Values  for  both  lakes  are 
consistently  hlqhet  than  the  value  of  0.10  ug  Hq/q  wet  weight 
reported  by  Huckabee  at  al .  (1979)  for  Invertebrates  from  non- 
contaminated  systems  . 

Collection  site  had  a  significant  effect  (  p  <  0.001)  on  Hg 
concentrations  of  snails,  a  result  due  to  very  high  values  at 
Lake  Vernon's  outflow  (site  HB,  pooled  mean  t  1  SD  (n):  2.24  • 
0.67  (10)  ).  Excluding  this  site,  the  mean  pooled  values  at  site 
ST  (0.63)  and  other  Vernon  sites  (0.75)  were  similar  to  those  at 
Peninsula  sites  (0.65). 

Sampling  time  also  had  a  significant  effect  (p  <  0.001)  on  Hg 
concentrations.  Snails  collected  In  June,  July,  August  liad 
higher  Hg  concentrations  (0.891,  1.035,  0.979  respectively)  than 
snails  collected  In  September  and  October  (0.620  and  0.509). 
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Figure  3.  Hg  concentrations  (Mean  +  1  Se,  n)  In  the  snail 
CaiPPeloma  dJclaua  at  dlffezent  sites  and  time. 


The  Interaction  of  site  and  month  was  as  well  significant  (p  < 
0.01).  At  any  given  site  where  we  have  sufficient  data,  mean  Hq 
concentrations  at  the  beginning  of  the  season  tended  to  be  higher 
than  at  the  end.  However  the  significance  of  time  and  site  on 
concentrations  should  be  Interpreted  cautiously  given  the  high 
coefficient  of  variation  (42  to  128  \)  often  observed  In  Hq 
concentrations  in  samples  collected  at  the  same  time  and  site. 

Hean  Hg  concentrations  In  the  mayfly  Hexaqenla  ranged  from 
0.01  to  0.28  ug/g,  an  order  of  magnitude  lower  than  that  for 
snails  (Figure  i) .  Since  analyses  were  performed  on  only  58 
samples  from  different  combinations  of  site/month,  samples  from 
sites  within  each  lake  were  pooled  for  data  analysis.  We  found 
no  difference  In  Hg  concentrations  between  the  two  lakes  and  no 
dl f f erences  among  months .  We  also  found  no  significant 
interaction  between  lake  and  month  on   Hq  concentrations. 

Mean  Hg  concentrations  in  ollgochaetes  fell  within  the  same 
range  as  that  for  mayflies,  ranging  from  0.04  to  0.27  ug/q 
(Figure  5).  As  for  mayflies,  due  to  the  small  sample  size  (44) 
data  within  one  lake  were  pooled  for  each  month.  Again,  there 
was  no  significant  effect  due  to  lake  or  month,  and  no 
lake/month  Interaction  effect  on  Hg  concentrations  In 
ol Igochaetes . 

Differences  In  Hg  concentrations  between  snails,  mayflies,  and 
ollgochaetes  might  be  explained  by  differences  In  habitat  and/or 
diet.  All  three  groups  are  usually  found  burled  in  the 
sediments,  howevec  the  snail  Campeloip^  declaum  has  been  seen 
foraging  at  the  sediment-water  Interface  or  on  wood  logs.  Both 
ollgochaetes  and  mayflies  Ingest  sediments  to  obtain  their  food, 
while  the  snails  are  more  herbivorous,  thus  explaining  their 
presense  at  the  surface  of  sediments.  However  this  explanation 
does  not  account  for  the  large  variation  In  Hg  concentrations 
that  occured  within  each  group  collected  at  the  same  site  and  at 
the  same  time.  This  variation  may  be  attributable  to  ocqanlsm 
size  . 


Influence  q£  Qiqanlam  size  on  Hg  concentrations 

We  found  an  Inverse  relationship  between  Hg  concentrations 
and  body  weight  for  snails  (Table  2).  The  largest  snails  (100 
mq)  had  Hq  concentrations  that  were  In  the  same  order  of 
magnitude  as  the  highest  concentrations  observed  In  mayflies  or 
ollqochaete  (0.30  ug  Hg/g),  while  smaller  snails  (<  20  mg )  had 
concentrations  often  higher  than  1  ug  Hg/g.  For  mayflies,  no 
significant  relationship  was  found  between  body  weight  and  Hq 
concentrations  (Table  2),  although  an  Inverse  trend  was  also 
observed . 

For  the  bivalve  ElllptlQ  Cflmulanatdi,  there  was  a  positive 
correlation  between   size  and   Hg  concentrations   In  Lake  Vernon, 
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Figure  4.  Hg  concentrations  (Mean  *    1  SE,  n)  In  the  mayfly 
Hexaqenla  ap   at  different  sites  and  tine. 
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Figure  5.  H9  concentrat  Ions  {mean  *  1  5E,  n )  In  ol Igochaetes 
(Annelida,  Ollgochaeta)  at  dlEfecent  sites  and  tine 


Table  2-  Relationship  bptwpen  Hq  concentrations  and  organism 
weight  In  Caippeloma  declgum  and  Hexaqenia  sp. 
•  p  <  0.05,  ***  p  <  0.001. 
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while  no  such  correlation  was  observed  In  Peninsula  [.ake  (figure 
6).  However,  In  Peninsula,  only  small  mussels  under  65  mm  length 
were  found.  Hussels  of  similar  size  in  Lake  Vernon  also  did  not 
show  a  size-Hg  relationship.  Nevertheless,  mussels  from  Lake 
Vernon  that  were  under  65mm  length  had  significantly  higher  (p  < 
0.001)  Hg  concentrations  (mean  of  0.432  ug  Hg/g)  than  those  from 
Peninsula  (mean  of  0.201  ug/g ) . 

For  the  crayfish,  Cambaiua  bflttanL,  we  have  observed  a 
significant  positive  relationship  between  total  weight  and  Hg 
concentrations  In  abdominal  muscle  (Figure  7).  Similar  to  the 
mussels  analyzed,  Hg  levels  In  crayfish  from  Lake  Vernon  were 
significantly  higher  than  those  tiom   Peninsula  lake. 

The  positive  relationship  between  size  and  Hg  concentration 
found  in  bivalves  and  crayfish  ate  similar  to  those  often 
observed  for  fish  species  (Scott  1974,  Mathers  and  Johansen 
1985).  The  negative  correlation  observed  In  snails  might  be  due 
to  surface  adsorption  since  the  surface/volume  ratio  Is  often 
higher  in  smaller  organisms  or  alternatively  to  blodllutlon  of 
the  Hg  at  larger  size. 


Dltfeiences  In  Hg  between  lake  and  stream  orqanla 


ma. 


crayfish  collected  In  Hood  Rapids  (site  ST),  one  of  Vernon's 
inlets,  had  significantly  higher  mercury  levels  than  crayfish 
collected  in  Vernon  lake  (Figure  7). 

We  also  compared  the  body  burden-size  relationship  of  stream 
Invertebrates  (Lake  Vernon  only)  to  those  of  lake  Invertebrates 
(snails,  mayflies,  ollqochaetes  excluded).  Organisms  collected 
from  the  stream  were  different  from  those  found  In  the  lakes. 
However,  for  the  purpose  of  the  comparison  most  of  the  organisms 
Included  were  predators  (Table  3).  organisms  collected  from  the 
stream  were  collected  on  rocks,  while  the  majority  of  lake 
organisms  were  collected  from  the  sediments  with  the  exception  of 
the  Coleopteta  from  Vernon  lake  that  were  collected  at  the  water 
surface  (Table  3 ) . 

The  slope  for  Vernon  stream  organisms  was  significantly  higher 
than  the  slope  for  Peninsula  or  Vernon  lakes,  while  there  was  no 
difference  between   Peninsula  Lake   and  Lake  Vernon  (Table  4). 

CQIDBa Llaflna— at Hg    concentrations       In    benthlg       Invertebrates    an^^ 

sedlmenta 

The  preliminary  results  of  mercury  concentrations  and  organic 
matter  content  oE  sediments  suggest  that  there  was  no 
significant  differences  in  these  variables  between  the  two  lakes 
(Table  5) . 

Mean  Hg   concentrations    in  the   smaller  fauna   living  in  the 


o 


o 
o 
o 


o 

X 


I- 
o 


1.4^ 
t.2. 
1.0. 
0.8  . 
O.i  . 
0.4. 
0.2. 


ElUptio    compianala 


o    PENINSULA 

•  VERNON      Hg-  t 


I- 2.35*  0.021  L 


r  :  0.475 


•  • 


•  _• 


•    ••• 


.•• 


20 


— j_ 
40 


— r- 
40 


— r- 
SO 


fOO 


LENGTH       (mm| 


Figure  S.  Relationship  between  Hg  concentrations  and  length 
In  the  mussel  ElXUltla  cnmnlanata  fzom  Lake  Vetnon 
and  Peninsula  Lake. 
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rigute  7.  H9  concentrations  aqalnst  total  weight  in  the  crayfish 
Cambatus  baetopt  (rom  Lake  Vernon  (lake).  Lake  Vecnon 
(st[e«pi)  ana  Peninsula  Lake  (lake). 


Table  3.  List  of  organisms  Included  In  the  body  bucden  -  size 
comparisons  for  Lake  Vernon,  Vernon  stream  and 
Peninsula  Lake. 


Site 


Organism 


Trophic 
level 


Habitat 


Vernon 

Odonata 

Dromoaom 

Lake 

other 

Coleoptera 

Dlneutus 
GvElnus 

Other 

misc. 
misc. 

Vernon 
stream 


Peninsula 
Lake 


Odonata 


Tr ichoptera 


Plecoptera 
Dlptera 


odonata 


Gasteropoda 
Other 


Gomphua 

other 

Wvctlophvla^ 

Cetatqpavche 

other 


Holorusla 


PEomogomphus 

Gomphus 

other 

misc. 

misc. 

misc. 


Sed. 

10 

Sed. 

3 

Wat. 

6 

Wat. 

11 

Sed. 

1 

sed. 

6 

Rocks 

7 

Rocks 

1 

Rocks 

11 

Rocks 

5 

Rocks 

1 

Rocks 

5 

Sed. 

2 

Sed. 

8 

Sed. 

3 

Sed. 

4 

Sed. 

10 

Sed. 

2 

Sed. 

14 

P:  predator,  D;  deposit  feeder,  F:  Filter  feeder,  Sed.:  sediment 
Wat. :  water. 


Table  i.    Relationship  between  Hg  body  burden  (ug)  and   weight 
(g)  of  organisms  listed  In  table  3  (body  burden  and 
weight  transformed  to  their  log  values).  •*•  p<0.001 


Site 


Slope 


Intercept 


Vernon  stream  1.40 
Vernon  lake  0.95 
Peninsula  lake    0.94 


0.093 

32 

o.esi 

*•• 

1.04 

37 

0.966 

ft** 

1.16 

41 

0.920 

*** 

aedlmenla  (with  the  exception  of  snail),  were  usually  lower 
than  concentrations  observed  for  larger  organisms.  Hg  In  the 
infauna  was  not  significantly  different  between  both  lakes. 
These  levels  probably  reflect  the  Hg  levels  present  In  the 
surrounding  sediment.  In  contrast,  higher  Hg  concentrations  In 
snails  versus  oHgochaetes,  mayflies  or  others  may  reflect 
differences  In  foraging  habits. 

Benthlc  Hg  concentrations  between  the  two  lakes  were 
significantly  different  only  for  organisms  living  at  the 
sediment/ water  inter  face  such  as  bivalves  and  crayfish. 
Differences  In  water  or  food  Hq  levels  between  the  two  lakes 
might  account  for  this  difference.  In  term  of  food,  EnipMo 
complanata  Is  a  filter-feeder  while  the  crayfish  Is  omnlvore, 
usually  scavenging  in  or  at  the  surface  of  the  sediments. 
However,  since  there  is  no  difference  In  sediment  fauna  Hg  and 
sediment  Hg  between  the  two  lakes.  It  Is  unlikely  that  food  could 
account  for  the  difference.  This  leaves  differs ncea  In  water  Hg 
to  account  for  the  difference  In  Hg  levels  In  bivalves  and 
crayfish  between  the  two  lakes.  Regarding  the  difference  found 
between  lake  and  stream  organisms,  the  highest  Hg  levels  that 
were  observed  In  Vernon  stream  might  Indicate  an  area  where  Hg 
concentrations  are  higher  or  where  It  Is  more  available  for 
uptake  by   organisms. 

Conclusion 

Crayfish  were  found  to  have  the  highest  Hg  concentrations  of 
all  organism  sampled.  S Ince  they  can  constitute  a  major  food 
source  for  fish,  espe daily  s ma  11 mouth  bass,  they  may  account  for 
one  of  the  major  sources  of  Hg  for  some  fish. 

Sediment  Hg  can  not  account  for  higher  Hg  concentrations  In 
mussels  and  crayfish  from  Lake  Vernon  than  In  Peninsula  Lake.  It 
Is  likely  that  water  Hg  may  be  Important  In  determining  Hg 
levels  In  these  organisms.  More  research  Is  needed  on  the 
relative  Importance  of  water  Hg  relative  to  food  Hg  as  routes  of 
exposure . 

Small  streams  were  Identified  as  an  area  where  Hg 
concentrations  might  be  higher  than  In  lakes,  or  where  It  Is 
more  bloava I lable .  Perhaps  we  should  focus  more  on  these  small 
streams  to  understand  why  fish  mercury  could  be  so  high  In  areas 
unaffected  by  polnt-souice  pollution. 
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Table  5.  Preliminary  results  on  Hq  concentrations   and  organic 
matter  In  sed  Intents. 


Site      n     Mean   SE      (range) 
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INIKIIUUCTIUN 
The  concentration  of  many  trace  metals  Is  currently  elevated  In  tlie 
atnosphere  and  In  precipitation,  principally  because  of  the  smelting  of 
metallic  ores  and  tlie  combustion  of  fossil  fuels  (Jeffries  S  Snyder  1981; 
Galloway  et  al  1982).  Trajectory  analyses  of  air  parcels  Indicate  these 
netala  may  travel  hundreds  of  kiloHieters  In  the  atmosphere  prior  to 
deposition  (Thrane  197H).  Examination  of  metal  profiles  In  sediments  of 
remote  lakes  (Galloway  f,  Likens  1979),  in  cores  of  remote  bogs,  in 
undisturbed  soils  of  high  eievatlon  foreata  (Friedland  et  al  1984)  and  in 
cores  of  glacial  ice  (Jaworowski  et  al  1975)  all  indicate  that  the 
deposition  rates  of  such  metals  as  Ag,  Au,  Cd,  Cu,  Hg,  Pb,  Sb,  Vd ,  and  Zn 
In  remote  locations  has  Increased  significantly  in  a  few  decades. 

Despite  many  years  of  study  on  the  bioavailability  and  bloaccumulatlon 
of  these  metals  (Phillips  &  Russo  1978;  Coombs  1960;  Forstner  &  Whittaann 
1983;  Luoma  1983;  and  others),  models  for  predicting  metal  levels  in 
aquatic  biota  are  not  generally  available.  This  la  of  concern  as  several 
■etals  (e.g.  As,  Cd,  Cu,  Pb,  A^,  Hg)  are  known  to  accumulate  In  aquatic 
biota.  Since  many  netals  are  Inherently  toxic  they  may  threaten  the  health 
of  consumers  of  the  biota,  including  fish,  mamnala,  birds  and  man. 

Zooplankton  were  chosen  for  the  study  of  metal  bioaccunulatlon 
because:  The  crustacean  zooplankters  are  known  to  accumulate  high  levels 
of  a  variety  of  metals;  they  are  relatively  homogeneously  diatrlbuted  In 
lakes  and  may  be  found  at  any  time  in  virtually  all  lakes;  they  have  much 
higher  metal  levels  than  their  ambient  water;  they  have  short  gut  passage 
times  permitting  the  collection  of  large  samples  that  are  relatively  free 
of  both  internal  and  external  metal  contamination* 

The  literature  (cited  above)  indicates  that  the  bloaccumulatlon  of 
■etals   may   be   Inf luenced  by  lakewater   pH,   and   the   concentrations  of 


dissolved  organic  carbon  and  Ca,  three  variables  wliose  levels  range  widely 
In  Ontario  lakes,  tlven  in  che  absence  of  local  sources,  we  might  therefore 
anticipate  large  variations  In  vetal  burdens  In  the  zooplankton  of  Ontario 
lakes.  As  large  quantities  of  metals  have  been  discharged  into  the 
atmoBphere  fron  Sudbury-based  saelters,  an  even  larger  range  night  be 
anticipated. 

The  overall  objective  of  the  present  research  is  to  determine  If  the 
planktonic  concentrations  of  a  variety  of  trace  aetals  may  be  predicted 
fron  (a)  the  proximity  to  a  known  large  point  source  of  metal  emissions, 
(b)  the  pK,  Ca,  or  dissolved  organic  carbon  levels  of  the  lakewaters,  (c) 
the  Ca  content  of  the  plankton  (Wright  1980),  and  (d)  the  composition  of 
the  planktonlc  comnunltles.  in  this  report  the  wlchin-lake  variability  of 
metal  levels  in  zooplankton  Is  described  In  relation  to  objectives  <b),  (c) 
and  (d).  Patterns  among  lakes  cannot  be  evaluated  until  patterns  within 
lakes  are  understood.  A  prelitBlnsry  assessment  of  objective  (a)  is  also 
presented. 

HATtRIALS  AND  METHODS 

On  a  single  occasion,  replicate  samples  were  collected  lor  water  and 
zooplankton  from  38  lakes  located  along  a  transect  running  southeast  from 
Sudbury,  Ontario  for  approximately  300  ka.  The  lakes  were  chosen  to  range 
widely  in  pH,  Ca  content  and  dissolved  organic  carbon  content  (Table  1), 
and  in  distance  from  Sudbury  (Fig.  1)> 

Working  from  a  flbreglaas  boat,  water  samples  were  collected  from  near 
mid-lake  at  the  mid-point  of  the  eplilmnlon  using  a  peristaltic  pump.  Water 
samplea  were  returned  to  the  Ontario  Ministry  of  Environment  laboratories 
at  either  Dorset  or  Toronto,  Ontario  and  analysed  for  pH,  Ca ,  Mg,  If  (total 
phosphorous),   UOC  (dissolved  organic  carbon),  colour,  Fe,  Hn,  conductivity 


and  alkalinity.  Sample  rollprtlon,  preswr vatloii  and  analytlml  tertiniqiies 
followed  Locke  and  Srott  (1986)  and  UHE  (196'.). 

Net  plankton  samples  were  collected  for  netai  analyses  with  a  conical 
tow  net  (0.75  m  dla.,  mesh  size  25U  u)  from  a  depth  of  3X  Seccht  depth  or  2 
■  from  the  bottom,  whichever  was  the  shallower  depth.  All  metal  parts  of 
the  plankton  net.  Including  the  stainless  steel  ring,  were  coated  with 
■iilcone.  The  net  plankton  samples  were  stored  in  acid-washed  plastic 
bottles  and  frozen  upon  return  to  the  laboratory.  All  samples  were 
■lauitaneously  subsequently  thawed,  transferred  under  filtered  laminar  sir 
flow  into  new,  acid  washed,  plastic  scintillation  vials,  dried  at  60  +/-2 
C,  and  transferred  to  the  Inorganic  Trace  Laboratory  of  the  Ontario 
Hlniatry  of  Environment  In  Toronto  for  metals  analyses.  There  each  sample 
was  redrled  to  constant  weight,  weighed  and  transterred  In  its  entirety 
into  a  3U  ml  glass  tube.  Six  ml  of  concentrated  HN03  was  added  and  each 
sample  was  digested  for  2  hr ,  first  at  room  temperature,  then  at  50  C. 
Sample  solutions  were  then  heated  to  150  C  and  allowed  to  evaporate  to 
dryness.  An  additional  10  ml  of  acid  was  added  and  the  evaporation  step 
was  repeated.  Finally,  3.2  ml  of  1.9%  HN03  waa  added  to  the  tubes  which 
were  then  heated  to  150  C  for  30  min,  removed  from  the  hot  block,  cooled 
and  made  up  to  23  ml  with  double-distilled  water. 

Sampling  began  on  May  28  and  ended  on  September  23.  1983-  Because 
nearly  four  months  had  elapsed  between  the  beginning  and  the  end  of  the 
survey,  a  study  was  done  to  determine  whether  concentrations  ot  metals  in 
xooplankton  varied  over  time  within  a  single  lake.  Coet f iecients  of 
variation  of  metal  levels  In  zooplankton  In  the  38-lake  survey  were 
compared  to  coetflcients  of  variation  in  data  derived  Iron  collections  made 
over  a  two-year  period  from  Plastic  Lake,   a  nutrient-poor  shield  lake  that 
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has  been  the  focus  of  Intensive  studies  by  statf  of  the  Hut  (Ontario 
HlnlBtry  of  Environment)  (Dillon  et  al     i'iti?).  All  samgiles  were   rollected 

at  the  deepest  station  In  Plastic  Lake.  Water  and  net  plankton  samples 
were  routinely  collected  on  a  biweekly  basis  in  19U3  and  IVUb  and 
subsequently  analyzed  as  described  above  for  the  JU-lake  survey. 

In  order  to  estimate  the  magnitude  of  the  spatial  heterogeneity  In  the 
metals  conpostclon  of  net  plankton,  oetal  determinations  were  also 
performed  on  net  plankton  collected  on  September  2A ,  1986  at  8  randomly 
positioned  stations  in  the  main  basin  ot  Ked  Chalk  Lake,  another  MUb  study 
lake.   The  sanples  were  treated  as  described  above  for  the  3ti-lake  survey. 

The  zooplankton  samples  were  analyzed  tor  Revels  uf  Co,  Cr ,  Nl ,  and  Pb 
using  ICP  (Inductively  Coupled  I'lasma)  Hass  Spectroscopy,  and  tor  levels 
of  Ca,  Mg,  Sr,  Fe,  Hn,  Tl ,  Sc ,  Ba,  Be,  Cd ,  Cu,  ^n,  ti  and  Al  using  ICP 
Atomic  taission  Spectroscopy.  Accuracy  and  precision  checks  were  made 
with  NBS  oyster  tissue  and  sample  :blank  ratios  for  Zn,  Cd,  Be,  t'e,  B,  Hn, 
Mg,  Al,  Ca,  Cu,  Ti,  Sr,  Ba,  Pb  (Fig.  2).  We  discarded  Hi,  Cr ,  and  Pb  data 
from  Plastic  Lake  because  precision  was  poor,  Co  and  Sc  because  they  were 
rarely  detected  and  Cu,  Be  and  B  because  the  sampleiblank  ratios  approached 
unity;  average  ratios  ot  >  lU: 1  were  considered  acceptable.  Sr  data  were 
precise  but  exhibited  low  values.  We  could  not  verify  the  accuracy  of  Al , 
8a  and  Tl  analyses  because  certified  values  were  not  available,  but  they 
were  retained  because  saaple:blank  ratios  were  acceptable,  precision  was 
good  and  patterns  in  the  data  were  clear  and  Interpretable.  Therefore, 
for  the  Plastic  Lake  data  analyses  were  confined  to  Ca,  Mn,  Sr,  Ba,  11,  Fe, 
Al ,  Mg,  Zn  and  Cd.  We  retained  Cu  and  Nl  data  for  the  survey  lakes  as  the 
range  in  observed  values  was  so  large  that  differences  araung  lakes  seemed 
to  be  accurately  relected  in  the  analyses. 

Zoo plank ton   composition   in   the  survey   lakes  was   determined   I roa 


additlnn^il  snnples  rolicrteil  In  single  vertical  hauls  with  the  25(J  ii  mesh 
cow  net  and  In  Flastlr  take  with  tlie  flow  meter  portion  and  attached  7b  n 
nesti  net  In  addition  to  the  ZW  u  mesh  net.  All  samples  were  preserved  In 
the  tleld  with  chtlled,  sucrose  torraalln. 

tdmondson  (195*))  was  the  principle  taxonomie  reference  used  during 
sanple  counting,  with  Korlnek  (I9m),  Deevey  &  Deevey  (1971)  and  Dodson's 
(1981)  revision  ol  Brooks  (1937)  consulted  lor  plaphanosoma,  Kubosnlna,  and 
Daphnia,  respectively.  When  necessary,  subsamples  were  taken  with  a  Foleom 
plankton  splitter.  The  tow  samples  were  enunerated  to  determine  the 
proportional  contribution  ol  taxa  to  the  net  plankton  (>  230  u)  standing 
crop.  Zooplankton  blomass  was  estimated  by  measuring  an  average  of  3UU 
specimens  for  each  crustacean  species  with  a  semi-automated  electronic 
calipers.  Identical  to  those  described  by  Sprules  et  al  (1981),  and  then 
applying  the  derived  length-l requency  data  to  length-weight  relationships 
of  Van  and  Hackle  (19H7)  and  Sprules  (pers.  conim.), 

Uata  from  three  lakes  which  had  extremely  high  Ti  levels  In  the 
zooplankton  were  discarded  on  the  assumption  that  samples  were  contaminated 
Kith  bottom  aedlaents.  To  determine  the  effect  of  distance  t rom  Sudbury  on 
■etal  levels  in  zooplankton,  data  were  first  log  transformed  to  improve 
normality,  then  six  lakes  near  Sudbury  (including  the  Kllarney  area)  were 
separated  out  ot  the  data  set  and  the  mean  and  95Z  confidence  Interval  ot 
Che  log  of  the  metal  levels  in  tlie  zooplankton  were  compared  between  the 
two  data  sets  (Sudbury  lakes  and  non-Sudbury  lakes). 

RESULTS  ANU  DISCUSSION 
Levels  ot  Cd,   Zn,  Fe,  Hg,  Al ,  and  Be  were  not  significantly  different 
between  Sudbury  area  lakes  and  non-Sudbury  area  lakes  (Fig.   3).   Levels  of 
Tl ,   Ca,   Sr,   Ba   and  Hn  are  lower  while  levels  of  Ni  and  Cu  are  higher  In 


Sudbury  area  lathes  than  In  more  remote  lakes  (Fig.  3J.  Itie  tilgh  Levels  of 
Ni  and  Cu  are  not  surprizing.  Indeed,  even  hlgtier  values  ml){ltC  be 
anticipated   In   the  several  acid  lakes  In  the  Sudbury  set. 

Fig.  U  compares  the  coefficient  of  variation  ot  metal  levels  In 
zooplankton  among  the  lake  survey  data,  the  two  years  ot  data  trnm  Plastic 
lake  and  the  eight-station  survey  of  Red  Chalk  Lake.  The  concentrations 
vary  by  more  than  six  orders  of  magnitude.  The  coeftlcient  ot  variation  In 
Plastic  Lake,  especially  i9H6,  often  approaches  (e.g.  Fe ,  Hn,  Hg,  Ca)  or 
even  exceeds  (e.g.  Sr,  Ba)  that  of  the  survey. 

It  is  Interesting  to  note  that  many  of  the  metals  with  the  greatest 
temporal  variation  are  essential  elements  (e.g.  Ca,  Hn,  Fe,  Mjj).  Perhaps 
biological  mechanisms  (changes  in  growth-mediated  uptake  rates  of  metals  by 
zooplankton  species)  may  have  as  much  or  even  greater  influence  on 
controlling  levels  of  metals  than  the  physical  and  chemical  mechanisms  ttiat 
control  their  spatial  variation  among  low  alkalinity  lakes.  All  metals 
have  relatively  low  coefficients  of  variation  among  the  eight  sites  In  the 
clrcumneutral  lake,  Ked  Chalk  Lake,  Tl  being  an  exception. 

Groups  of  metals  displayed  tour  types  of  temporal  patterns  in  Plastic 
Lake.  (l)  Levels  of  Mn,  Ca,  Sr  and  Ba  Increased  to  maximum  levels  in  the 
late  fall  of  19U5,  but  to  even  higher  levels  in  the  summer  ot  t98b  (Fig. 
5).  The  pattern  with  Fe  and  Al  was  similar  but  peak  levels  occurred  In  the 
tall  of  19tt3  (Fig.  b).  (2)  Tl  behaved  similar  to  Fe  and  Al  In  l9Ub,  but  In 
iyB5  peak  leveis  were  observed  In  both  early  spring  and  late  tall  (Fig.  b). 
(J)  Mg  and  Zn  levels  tended  to  show  less  seasonal  (l.e  spring  vs  summer  or 
fall)  variation  than  other  metals  (fig.  7);  C*)  I'd  had  a  soaewhat  unique 
seasonal  pattern  with  a  maxlmun  "pulse"  in  the  late  spring  In  both  years 
(Fig.  »).   Spearman  Hank  correlations  on  the  two  years  ot  Plastic  Lake  data 


show  tliat  the  levels  of  m<iny  met.ilt;  are  highly  correl^ited  (Table  2). 

The  patterns  ot  seaBorial  v.irlatlonvs  of  Mn,  Ca,  Sr  and  Ba  in  Plastic 
Like  are  remarkably  similar,  yet  the  rflllerences  between  tlie  two  years  are 
nore  remarkable.  The  only  metal  that  behaved  sLoiilarly  In  earh  year  was 
Cd,  with  Hg,  Zn,  Ti ,  Fe  and  Ai  showing  progressively  greater  disparity  In 
patterns  between  years.  Some  of  the  differences  between  or  within  years 
■ay  certainly  be  attributable  to  changes  in  water  cheaistry;  pH,  Pe  and  Al , 
for  exaaple,  show  great  seasonal  variation  In  netaXinnetlc  waters  (Figs. 
9c, e),  while  other  elenents,  such  as  Mg,  Hn  and  Ca  (Figs.  9b,d,g),  show 
little  or  no  seasonal  variation. 

The  low  zooplankton  netal  levels  in  the  spring  nay  be  related  to  tow 
pK  (Fig.  9a),  or  to  the  relative  absence  of  Ciadocera.  The  high  Al ,  Fe  and 
Hn  levels  in  the  fall  of  1985  nay  be  related  to  the  collection  of 
relatively  small  amounts  of  Ellanentous  desnids  in  the  net  plankton 
samples.  At  that  time  these  green  algae  formed  up  to  about  5Z  of  the  net 
plankton  biomass.  Oesalds  are  known  to  accumulate  very  large  amounCs  ot  Fe 
and  Hn  (Round  1973;  Lorch  1978).  Since  Al  levels  average  lU  ug/g  In 
filamentous  greens  in  Plastic  Lake  (Bailey  and  Stokes  1983),  up  to  8UU  of 
the  approximately  90U  ug/g  of  Al  found  in  the  fall  of  1983  may  be 
attributable  to  the  algae  In  the  samples. 

Seasonal  changes  In  the  relative  contribution  to  the  bionasses  of 
•Holopedium  gibberum,  Uaphnta  pulex,  Dlaptomus  ml nut us,  Cyclopolda  (mainly 
Cyclops  scutif er  and  Hesocyclopa  edax)  and  other  Crustacea  are  shown  In 
Fig.  10.  The  average  blomass  was  similar  In  each  year,  but  there  were  large 
within  and  between  year  changes  In  composition.  Ho loped lun  gibberum,  a 
weakly  calcified  cladoceran,  was  the  dominant  cladoceran  in  1985,  but  D. 
pulex  replaced  It  as  the  dominant  cladoceran  in  September  of  1985  and  In 
the  summer  of  1986.    Cyclopolda  were  the  largest  proportional  contributors 


to  Coat!  blomass  In  the  spring  ot  I9tl3  and  In  die  spring  and  fall  ut  19H6. 
Mlamentous  green  algae,  mainly  the  acidophilic  desmld,  Cioenbladla 
neglecta,  were  detected  In  sampLes  only  in  the  tali  ut  19US  when  they 
lormed  1.2,  2.4  4.2  and  2.U2  of  net  plankton  on  September  22,  October  8,  22 
and  November  6,  respectively.  Spearnan  Rank  correlations  (Table  3> 
Indicate  strong  metal -community  composition  patterns  In  Plastic  Lake, 
especially  for  Ca  (Figs.  II,  12),  Cd  (Fig.  13)  and  Al  (Fig.  14). 

The  net  plankton  metal  data  are  highly  structured  and  are  currently 
being  analyzed  by  NHUS  (nun-netric  multidimensional  scaling).  It  Is 
anticipated  that  NHUS  will  be  especially  helptul  for  explaining  seasonal 
changes  in  tFie  zooplankton  species  conpositlon. 
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TABLE    1.      Rnngen    and    ntpan    valu(>!)   of    soae   water   ({ufillty 
variables   of    lakes    Rtiidled    In    the    ]8-lake    survey. 


Variable 

Mean 

Range 

Alkalinity,  TIF  (mg/L) 

12.75 

-1.2  to 

114.2 

pll 

6.5U 

4.68  - 

8.32 

CalcluB  (mg/L) 

6-24 

0.57  - 

34.7 

Conductivity  (pnhofl/cm) 

59 

19  - 

203 

Manganese  (pg/L) 

41.9 

2  - 

230 

Iron  (Mg/L) 

173 

4  - 

930 

Dissolved  Organic 

5.19 

0.1  - 

32 

Carbon  (mg/L) 

12 


table;  2.  Spearaan  Rank  correlations  between  zooplankton  netal  levels  in 
19t)3  and  1986  Plastic  Lake  sanples.  Speaman's  r  Is  significant  at  F  < 
U.Ul    when    r    >    U.45    (n  -    27). 

Correlation  Zooplankton    levels   of 

Ha  t  r  1 X  Zn  Cd  Fe  Hn  Mg  Al  Ca  T  L  Sr  Ba 


Zn-Zoopl                  1.00      0.52      0.63      0.25      0.79      0.64      0.39  0.65  0.4 i  0.44 

Cd-Zoopl  t.OO      0.67      0.30     0.47      0.56      0.43  0.74  0.45  0.44 

Fe-Zoopl  1 .00      0.44      0.44      0.70     0-44  0.3U  0.48  0.48 

Hn-Zoopl  .                                   1.00   -0.04      0.50      0.84  0.26  0.88  0.85 

Mg-Zoopl  1.00      0.43      0.16  0.57  0.16  0,22 

Al-Zoopl  l.UO      0.64  0.70  U.69  0.68 

Ca-Zoopl  I. 00  0.36  0.99  0.97 

Tl-Zoopl  1 .00  0.41  0.40 

Sr-Zoopl  1.00  0.98 

Ba-Zoopl  1 .00 
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TABLE  3.  Spearnaii  Rnnk  rorrelfltlons  between  X  hiom.nss  of 
Holopedlum  gibberum  (H,  gib),  Uaplinla  puiex  (D.  pnl), 
piapton>u3  nlnutus  (D.  nlti),  Cyclopolda  (Cyclo)  and  other 
Crustacea  (Other)  and  zoopLankton  netal  levels  In  1983  and 
1986  Plastic  Lake  samples.  Spearman's  r  Is  significant  at  P  < 
U.Ol  when  r  >  0.45  (n  -  27). 


Correlation 

Z   H.  gib 

X    D.  pul 

X  U.  Bin 

X   Cyclo 

X  Other 

Matrix 

Zn-Zoopl 

-0.019 

0.072 

0.150 

-0.297 

-O.lll 

Cd-Zoopl 

0.3U9 

0,037 

0.161 

-0.716 

-0 . 1 00 

Fe-Zoopl 

0.302 

0.152 

0.043 

-0.657 

-0.233 

Hn-Zoopl 

-U.224 

0.763 

0.151 

-0.433 

0.040 

Hg-Zoopl 

0.292 

-0.268 

0.009 

-0.236 

0.052 

Al-Zoopl 

O-U^tU 

0.236 

0.270 

-0.677 

-0.177 

Ca-Zoopl 

-0.330 

0.762 

0.159 

-0.590 

-0.042 

Tl-Zoopl 

0.419 

-0.005 

-0.196 

-0.624 

-0.189 

Sc-Zoopl 

-0.263 

0.760 

0.144 

-0.609 

-0.039 

Ss-Zoopl 

-0.243 

0.720 

0.157 

-0.595 

-0.042 
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CAfTIOHS  TO  FIGURES 
Fig.   1.    Hap  of   study  area  ahowlng  locations  of  lakes   with   llolopedluti 

glbberuB  (solid  circles)  and  without  (open  circles). 
Fig.   2.    Comparison  (mean  with  95X   confidence  interval  in  parentheses)  of 

certified  setal  levels  in  NBS  oyster  tissue  with  levels  determined  by 

ICP  analyses  (n  -  7)  In  this  study. 
Fig.   3.    Hean   levels  of   13  metals  (and   95Z  confidence   interval   in 

parentheses)   in   zooplankton  in  6  Sudbury  lakes  and  29   lakes   remote 

froa  Sudbury. 
Kig.   4.   Variation   In  zooplankton  aetsX  data  among  lakes   (compare   lake 

survey  bar  with  other  bars),   over  time  (compare  Plastic  Lake  yrl  and 

yr2   bars  with  other  bars)  and  space  (compare  Red  Chalk  (RC)  Lake   bar 

with  other  bars) . 
Fig.   3.    Variations  in  mean  levela  of  Hn,  Ca,  Sr  and  Ba  In  zooplankton  in 

Plastic  Lake  during  the  ice-free  seasons  of  1985  and  19a6. 
Fig.   6.    Variations   In  mean  levels  of  Ti,   Fe  and  M    In  zooplankton   In 

Plastic  Lake  during  the  ice-free  seasons  of  1985  and  1986. 
Fig.   7.    Variations  In  mean  levels  of  Hg  and  Zn  in  zooplankton  In  Plastic 

Lake  during  the  ice-free  seasons  of  19S5  and  1986. 
Fig.   8.    Variation  in  the  mean  level  of  Cd  in  zooplankton  in  Plastic  Lake 

during  the  ice-free  seasons  of  1983  and  1986. 
Fig.   9.    Variations  in  (A)  pH.   (B)  Hn  content,   (C)  Fe  content,   (D)   Hg 

content,   (E)  alkalinlty-TIP,  (F)  total  M    content,  (G)  Ca  content  and 

(H)   Dissolved  organic  carbon  content  in  Plastic  Lake  during  the   Ice- 
free  seasons  of  1985  and  1986> 
Klg.   10.    Variations   In  blomasa  of  Ho loped lum  glbberum,   Uaphnla   pulex, 

Diaptomus   mlnutus ,   filamentous  green  algae,   Cyclopolda,   and   other 

Crustacea  In  plastic  Lake  during  the  ice-free  seasons  of  1985  and  I9t)6> 

IS 


y. 


Fig*   11>    Relationship  hrCweeii  Ca  Levels  (log  transformed)  in  zooplankton 

and  the  blomijss  of  Daplmla  pulex  (as  proportion  of  tot^i  bioaiass)   In 

Plastic  Lake  (based  on  1985  and  19S6  data). 
Fig.   12.    Relationship  between  Ca  levels  (log  transformed)  In  zooplankton 

and   tbe   bionass  of  Cyclopolda  (as  proportion  of   total   biomass)   In 

Plastic  Lake  (based  on  1983  and  1986  data). 
Fig.   13.   Relationship  between  Cd  levels  In  zooplankton  and  the  cyclopold 

bionass   (as   proportion  of  total  btomasa)  In  Plastic  Lake   (based  on 

1985  and  1986  data). 
Fig.   14.   Relationship  between  M   leveln  in  zooplankton  and  the  cyclopold 

biomass   (as   proportion  of  total  bionasa)  In  plastic  Lake   (based  on 

1985  and  1986  data). 
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INTRODUCTION 

Zinc  of  industrial  origin  is  substantially  elevated  in  recently  deposited  sediments  o(  the 
nearshore  zone  o(  tlic  Great  Lakes  (FitclJto  and  Hutchinson,  1975;  Konasewich  et  ah, 
1978;  Persaud  MaL,  1983),  as  well  as  lakes  In  soutliern  Ontario  (Evans  ej^aK,  1983).  The 
toxicity  of  ^rrx:  to  aquatic  biota  is  well  documented  (Brungs,  1969;  Spehar,  1976; 
Chapman,  J978;  Pierson,  1981;  Anderson  et  aL,  1980;  Brkovic-Popovic  and  Popovic,  1977; 
Forstner  and  Wittmann,  1981;  Attar  and  Maly,  1982).  Slrce  benthic  deposit -feeders  are 
known  to  accumulate  zinc  and  other  heavy  metals  from  ingestion  of  sediment  (Luoma  and 
>finet  1976;  EV-yan  and  Hummerstone,  1978;  Luoma,  1983),  it  is  of  considerable 
importance  to  determine  how  much  of  this  recently  deposited  zir>c  can  be  assimilated  by 
benthic  organisms  and  transferred  to  fish  and  other  organisms  higher  in  the  food  chain. 

Availability  of  trace  metals  to  benthic  deposit -feeders  is  intimately  dependent  i^on  the 
physical-chemical  forms  in  which  the  metals  are  present  in  the  sediments  (Luoma  and 
Jenne,  1976a,  b;  Bryan  and  Hummer  stone,  1977;  Bryan  and  Uysal,  1978;  Luoma  and  Bryan, 
1978;  Luoma,  1983;  Tessier  et^at^  1984).  In  most  studies,  attempts  have  been  made  to 
correlate  the  heavy  metal  contents  of  deposit -feeding  macrofauna  with  a  particular 
operationally  defined  chemical  fraction  or  fractions  of  the  metal  in  the  sediments.  The 
ultimate  goal  of  these  studies  is  lo  find  a  universal  predictor  of  the  metal  content  of 
b«nthic  invertebrates.  Thus,  Luoma  and  Bryan  (1978)  related  the  lead  content  of  the 
bivalve  Scrobicularia  in  a  British  estuary  to  the  ratio  of  Pb/Fe  in  the  sediments  extracted 
with  0.1  N  HCI.  Luoma  and  Jenne  (1976a,  b)  labelled  natural  and  artificial  sediments 
with  heavy  metal  radioisotopes  and  found  good  correlations  between  uptake  of  zinc-63 
and  cadmrum-109  in  the  deposit-feeder  Macoma  baltliica  with  readily -exchangeable  zitx:- 
63  and  elhanol-extracled  cadmium-109  respectively  in  the  sediments.  Luoma  and  Bryan 
(1979)  related  the  zinc  content  of  the  bivalve  Scrobicularia  to  easily-exchangeable  zinc 
in  British  estuartne  sediments,  fci  the  same  study,  the  zinc  content  of  the  bivalve 
Macoma  balthica  from  San  Francisco  Bay  was  related  to  the  ratio  of  oxide-bound  iron 
divided  by  easily  exchangeable  manganese  and  organic  carbon  in  the  sediments.  Tessier 
etal.  (198(f)  related  the  copper  concentration  in  the  bivalve  Bliptio  (actually  a  filter 
feeder)  to  (he  ratio  of  Cu  {exchangeable  ♦  carbonale-bound  ♦  Fe/Wn  oxide-bound)  to 
oxide-bouTK]  irtm  In  freshwater  sediments. 
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In  this  Jtudy  we  preseni  aii  allernalive  metliod  for  deterniiiiinR  iJie  bioavailability  of 
heavy  metals  in  aquatic  sediments  that  involves  labelling  sediments  with  a  heavy  metal 
radionuclide.  When  a  benthic  deposit-feeder  feeds  on  sediments  containing  a  heavy 
metal  and  an  analogous  radioisotope,  the  specific  activity  of  the  radioisotope  in  ttie 
organism  should  approach  the  specific  activity  of  the  radioisotope  in  the  biologically 
available  fraction(s)  of  the  sediments  (Ophel,  1965;  Ophel  and  Fraser,  197J).  In  this 
context,  specific  activity  is  defined  as  the  ratio  of  zinc -65  activity  per  gram  of  sediment 
or  animal  to  micrograms  of  zinc  per  gram.  Measurements  of  tlie  specific  activity  in  the 
organisms  and  in  chemical  fractions  of  tlie  sediment,  therefore,  replace  correlations 
between  total  body  content  and  concentration  in  each  chemical  fraction  as  a  method  of 
determining  which  fraction  serves  as  a  source  of  the  metal  to  the  orgajiisms. 

Measurements  of  specific  activity  were  also  used  to  trace  the  movement  of  recently 
added  zinc  through  potentially  bioavallable  sediment  fractions.  This  work  follows  that  by 
Andrews  et  a|.  1985  who  found  that  cobaIt-60  is  taiten  up  initially  and  retained  for 
months  in  the  exchangeable  aixl  carbonate-bound  fractions  and  heixre  is  highly  available 
to  deposit-feeders.  On  the  other  hand,  routine  fractionation  of  tlie  sediments  indicated 
that  over  80%  of  the  cobalt  in  these  sediments  was  in  a  residual  or  oxide-bound  fraction, 
presumeably  unavailable  to  deposit -feeders.  There  was,  therelore,  a  non-proportional 
distribution  of  the  newly  added  cobalt  between  the  chemical  fractions  of  this  metal  in 
the  sediments. 

The  objectives  of  this  study  were  as  follows; 

1.  to  Identify  tJie  sediment  chemical  fraction(s)  serving  as  a  source  of  zinc  to 
benthic  deposit-feeders; 

2.  to  examine  the  vertical  distribution  of  this/these  sediment  fractions  in  the 
sediments  in  relation  to  animal  feeding  behaviour;  and 

3.  to  examine  the  movement  of  recently  incorporated  zinc  between  sediment 
fractions  with  the  aim  of  comparing  its  bioavailability  with  that  of  "aged"  zinc 
measixed  in  routine  sediment  fractionation  of  surface  sediments. 
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METHODS 

Source  or  Sediment -Bound  Zinc  to  Dcnthic  Deposit- Feeders 

To  determine  which  chemical  fraction  of  the  sediments  serves  as  a  source  of  zinc  to 
benthic  deposit -feeders,  two  species  of  oligochaetes,  TU?Hex  tubifex  and  Limnodrilus 
hoflmeisterl  were  grown  on  Toronto  Harbour  sediments  labelled  with  zinc-63.  The 
activity  and  specific  activity  of  zinc-65  in  the  organisms  were  then  compared  with  those 
in  chemical  fractions  of  the  sediments. 

Three  litres  of  surface  sediments  were  collected  from  a  selected  station  In  Toronto 
Harbour  by  Ekman  dredge  (Figure  I).  Thirty  microcuries  of  inorganic  zinc-65  were  added 
to  these  sediments  and  allowed  to  equilibrate  for  three  weeks.  The  sediments  were 
continually  stirred  during  this  lime  to  maritain  oxic  conditions.  About  130  ml  ol  this 
sediment  were  then  added  to  each  of  22  crystallizing  dishes  and  covered  with  2  cm  of 
dechlorinated  tap  water.  Ninety  tubificid  worms  were  then  placed  in  each  crystallizing 
dish  of  labelled  sediments.  Twelve  dishes  were  devoted  to  Jtjbifex  while  eight  were 
devoted  to  Limnodrilus.  When  added  to  the  dishes,  both  species  of  tiibificids  quid<iy 
burrowed  into  the  sediments  and  appeared  to  feed  rwrmally.  The  sediments  were  stirred 
about  every  week  to  prevent  anoxia  and  the  associated  djagenetic  changes. 

Ten  experimental  dishes  were  sampled  at  one-  and  two-month  intervals  at  which  time 
two  sediment  samples  f5  gm)  and  all  the  worms  were  taken  from  each  dish.  The  sediment 
samples  were  siiijected  to  a  modified  version  of  the  sequential  extraction  procedure  of 
Tessier  et  aL  (1979)  and  the  sediment-bound  zirtc  was  seperated  into  the  operationally 
defined  categories  of:  interstitial  zinc,  easily-exchangeable  zinc,  car  bona  te-bourK)  zinc, 
Fc/Mn  oxide-bound  zirx:,  organically-bound,  and  residual  zinc.  Separate  sampies  were 
also  taken  for  total  zinc.  In  all  cases,  the  samples  were  treated  wet  rather  than  dry  and 
ground,  as  drying  and  grinding  the  sediments  dramatically  change  tiie  metal  partitioning 
(Chen  Maly  1976;  P.  Campbell,  pers.  comm.).  Total  and  residual  zinc  were  analyzed  by 
digesting  the  sediments  in  nitric  acid  at  ^^C,  rather  than  hydrofloric  acid  as  described 
by  Tessier  etaj.  (1979).  Tlie  chemical  extract!  were  analyzed  for  total  zirtc  by  atomic 
absorption  spectroscopy.  Two  mL  of  each  extract  were  sent  to  Oieniex  Labs,  Varxiouver, 
for  the  analysis  of  zirK:-65  by  gamma  spectroscopy  using  a  highly  shielded  NaKTT)  crystal 
de  tector. 
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Figure  I:  Location  ol  SampUitg  Station  in  Toronto  Ititlxnir  • 


The  worms  from  each  rx(>eritiiental  dbh  were  extracted  by  sieving  tlif  sediments  through 
a  73  um  mesli  net.  Tlify  were  (hen  separated  into  groups  of  three  and  each  group  was 
thai  placed  (or  2^  hours  in  glass  scintillation  vials  containing  5  mL  of  dechlorinaled  tap 
water.  This  procedure  was  followed  to  allow  the  worms  to  evacuate  their  guts  and  avoid 
the  clumping  that  is  characteristic  ol  larger  groups  of  worms,  aumping  of  the  worms 
prevents  effective  evacuation  of  the  gut  and  encourages  coprofagy.  Failure  to  remove 
gut  contents  can  result  in  substantial  errors  in  measuring  tissue  concentration  of  heavy 
metals  (Chapman,  1985;  Dindra  and  Hall,  1977;  Chapman  et^  aL,  1980;  Elwood  «!  a[., 
1976).  Microscopic  examination  of  the  worms  indicated  that  gut  evacuation  was 
complete. 

The  worms  were  then  pooled  into  groups  of  30  (three  samples  per  dish)  and  dried  at  50  C 
on  preweighed,  acid-washed  plastic  strips  (2  cm^).  Each  sample,  consisting  of  7  to  10  mg 
dry  weight  of  worm  material  and  the  plastic  strip,  was  digested  in  2  mL  of  concentrated 
nitric  acid  at  90*'c  for  four  hours  and  then  made  up  to  *  mL  in  volume  with  distilled, 
deionlzed  water.  Samples  were  analyzed  both  tor  total  zinc  and  zinc-(i5.  Blank  aralyses 
of  the  plastic  strips  indicated  that  they  contributed  negligable  amounts  of  zinc  to  each 
extract. 

In  order  to  determine  the  quantity  of  zinc-65  adsorbed  externally  to  the  organisms,  five 
samples  of  30  Limnodrilus  and  five  of  Tubi fex  were  exposed  to  I  uCi  of  zinc-65  in  100 
mL  of  dechlorinated  tap  water  without  sediments.  During  this  time,  no  mortality  was 
observed  despite  the  absence  of  sifcstrate  and  food.  At  the  end  of  the  week,  the  animals 
were  removed,  washed  and  placed  in  unlabelled  dechlorinated  water  for  2't  hours.  The 
animals  were  then  digested  and  analyzed  as  described  above.  Samples  of  the  labelled 
water  used  in  this  experiment  were  also  analyzed  for  zinc  and  zinc-fiS. 

BioavailabiUty  of  Zinc  with  Sediment  D^th 

To  evaluate  Hie  chemical  partitioning  and  bioavailability  of  sedimentary  z\nc  with 
sediment  depth,  two  undisturbed  cores  from  Station  1  tn  Toronto  Harbour  were  sectioned 
under  nitrogen  at  1  cm  intervals  to  a  depth  of  10  to  13  cm.  Aliquots  of  sediment  from 
each  section  were  extracted  for  zinc  by  using  the  modified  version  of  the  sequential 
extraction  procedure  of  Tessier  etal^  (1979).  In  addition,  the  first  four  extractions 
(interstitial,     easily-exchangeable,     carbonate-bound     and     Fe/Mn     oxide-bourxJ)     were 
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performed  under  nitrogen  in  scalable  polycarbonate  tubes.  AN  reagpnls  were  stripped  o/ 
oxygen  by  bifcbUng  with  nitrogen  gas.  A  nitrogen  atmosptiere  was  maintained  both  in  the 
sectioning  o(  the  cores  ar)d  in  their  extractions  to  prevent  the  introduction  of  oxygen  into 
the  sediments.  Changes  in  redox  conditions  are  l<nown  to  change  ttie  chemical 
partitioning  of  zinc  in  the  sediments  (Gambrell  et^aK,  i980;  P.  Campbell,  pers.  comm.). 

Exchange  FV>tential  of  Zinc  Betweon  Sediment  Fractions 

The  movement  of  zinc-65  through  the  chemical  fractions  of  zinc  in  Toronto  Harbour 
sediments  was  followed  over  the  period  of  a  month  in  order  to  determine  relative  rates 
of  exchange  of  zinc  between  chemical  fractions  and  the  fate  of  small  quantities  of  zinc 
added  to  the  sediments.  Surface  sediments  were  kept  stored  and  oxygenated  for  a  month 
before  the  experiment.  Two  samples  of  sediment  (MO  ml)  were  then  exposed  to  2 
microcuries  each  of  zinc-65.  Starting  immediately  after  dosing  and  over  a  period  of  one 
month,  II  siijsamples  from  each  sediment  sample  were  taken  over  logarithmically 
increasing  periods  of  time  and  extracted  as  described  above,  to  determine  the  chemical 
partitlonir^  of  both  stable  zinc  and  zlnc-63.  Doth  the  activity  and  specific  activity  of 
zinc-67  in  each  chemical  fraction  were  examined  over  the  one-month  period. 

RESULTS  AND  DISCUSSION 

fclentificalion  of  tfie  Bioavaitable  Fraction  of  Sedimentary  Zinc  to  Tubificids 

Zinc  Content  of  Tubificid  Worms 

The  mean  zinc  contents  of  worms  exposed  for  one  and  two  months  to  Toronto  Harbour 
sediments  were  found  to  be  quite  similar  at  256  and  259  ug/g  respectively  {Table  1). 
These  values  are  three  to  four  times  higher  than  zinc  concentrations  in  tubificids 
measured  in  other  studies,  reviewed  by  Chapman  el  aL  (1980),  but  fall  into  the  range  of 
zirtc  levels  in  samples  of  biota  (mostly  tubificids)  taken  by  tlie  Ministry  of  the 
Environment  in  Toronto  Harbour  (Deo  Persaud,  pers.  comm.)  and  those  found  for 
tubificids  from  f^rl  Hope  Harbour  (Hart  et^al^  1986). 

A  large  differerxre  in  zinc  content  was  evident  between  ttie  two  worm  species, 
Tubifex  tubifex  and  Limnodrilus  Iwffmeisteri.  (Table   I).     Tlie  zinc  content  of  T.  tubifex 


TABLE  I: 


MEAN  CONCENTRATTON  OF  ZINC,  ZINC-.63  AND  THE  SPECIFIC  ACTTVITY  OF  ZINC-6J  tN  TUBtFICIDS  EXPOSED  TO 


WATER  (CONTROL)  AND  SEDIMENTS  LABELLED  WITH  2INC-65 


No.  of 
Samples 


Spec  ies 


Mean  Zinc  Content 
tug/g) 


Mean  Zinc-£J  Content 

(Bq/g) 


Specific  Activity 
(Bq/ug  zinc) 


Control  (-Sediment) 

J  Limnodrilus 

5  Tubifex 

Overs  il  Mean 


262*35 
22<tt'<9 


ai2tl.27)x  W^ 
C2.22±0.W)x  10^ 
(3.67,1.77)  X  10^ 


(2.76tO.V)  X  10^ 
(a*7i0.2J)x  10^ 
tl.81tl,08)x  10^ 


One-Month  Sediment  Expo5i«-e 


12  Limnodrilua 

IS  Tubitex 

Overall  Mean 


194*22 
297, 3 J 

256-59 


303^87 
393tl*4 
338*131 


1.36t0.*0 
1.32*0.43 

1.42t0.(i'i 


Two-Month  Sediment  Expoave 


10  Limnodrilua 

3  Tii)ifex 

Overall  Mean 


229*37 
3l9t47 
239±68 


27'*,9« 

319^ 
27  8,94 


1.17*0.38 

1.18^ 
1.17,0.36 


Values  expressed  as  mean  ,  i  standard  deviation 

Based  on  only  one  sample  having  a  significant  number  of  counts,  therefore  no  estimate  of  standard  deviation  available 


was  almost  100  ug/g  grealer  than  Limnodrilus  in  both  die  control  and  enperifnental 
dishes.  This  difference  between  the  two  species  was  statistically  signilicant  (p  less  than 
0.05)  and,  to  our  knowledge,  has  never  been  reported  in  the  literature.  The  ecological 
significance  of  this  difference  is  open  to  speculation  on  llie  relative  tolerances  of  the 
two  species  to  heavy  metals. 

Zn-63  Uptake  by  TuWficids 

During  the  one-month  exposure  to  Toronto  Harbour  sediments  labelled  with  zlnc-fi}* 
significant  accumulation  of  zinc-6)  was  observed  in  all  the  worm  samples  for  a  mean 
accumulation  of  358  Bq/g  dry  weight  of  worm  (Table  I).  T.  tubifex  accumulated  about  90 
Bq/g  more  zinc-63  activity  than  L.  holfmeisteri  but  because  of  the  higher  zinc  content  in 
Tubifex,  the  specific  activities  were  very  similar  at  1.32iO.<(3  and  1.56i0.'(  Bq/ug  zinc, 
respectively.    The  mean  specific  activity  for  both  species  was  \.'l2  Bq/ug  zinc. 

Because  many  of  the  large  worms  died  during  the  two-month  exposure,  onfy  six  out  of  the 
(en  experimental  dishes  had  sufficient  mass  of  worms  on  which  to  make  significant 
measurements  of  total  zinc  and  zinc -63  activity.  Nevertheless,  similar  results  were 
found  here  as  in  the  one-month  exposure.  The  mean  accumulation  of  zjnc~65  activity 
during  the  two-month  exposures  (278  Bq/g)  and  the  mean  specific  activity  (1.17  Bq/ug  Zn) 
were  close  to  those  obtained  in  the  one-month  exposure.  The  results  suggest  tliat  one 
nK>nth  is  sufficient  time  for  equilibrium  of  the  radioisotope  between  pools  within  the 
organism  and  the  sediment. 

Tlie  control  experiment,  in  which  the  worms  were  exposed  only  to  zinc-65  without 
sediment,  gave  very  different  results.  Although  the  overall  activity  of  zinc-63  was  the 
same  in  both  experimental  and  control  dishes  (approximately  293  Bq/mL),  the  control 
worms  accumulated  three  orders  of  magnitude  more  zinc-65  [han  tfie  ex()erimeiital 
worms  (Table  I).  Zinc  activity  in  the  worm  samples  in  the  controls  ranged  from  163,000 
to  707,000  Bq/g  of  worm.  Specific  activities  were  also  three  orders  of  magnitude  greater 
for  a  mean  of  1.8  x  10    Bq/ug  zinc. 


Zinc  and  Zinc -65  in  die  Sediment  Fractions 

Tlie  sediment  extracts  Irorn  both  the  one-  and  two-month  tublficid,  fxposiires  (Table  2) 
reveal  a  partitioning  of  zinc  similar  to  that  in  fresh  sediment  corps  (see  below).  Less 
than  1%  of  the  sediment-bound  zinc  is  found  in  the  easily  exchangeable  fraction,  while 
approximately  80%  is  found  in  the  Fe-Mn  oxide-bound  and  carbonate  bound  fractions. 
Only  minor  quantities  of  zinc  were  found  in  the  organic  (6%)  and  residual  (9  to  13%) 
fractions.  The  two  experiments  differed  only  slightly  in  zinc  partitioning.  Sediments 
from  the  two-month  exposure  had  a  slightly  higher  percentage  of  carbonate-bound  and 
residual  zirjc  and  a  lower  percentage  of  Fe-Mn  bound  zinc-  Ttiese  differerKcs  could  be 
due  either  to  sediment  heterogeneity  or  diagenetic  changes  occurring  during  the 
additional  month. 

The  six  chemical  fractions  In  both  experiments  accumulated  very  different  quantities  of 
zinc-65  (Table  3),  The  carbonate-bourKl  fraction  picked  up  the  largest  amount  of  zirK:-65 
with  an  activity  of  UH  Bq/g  in  both  experiments,  while  the  easily  exchangeable 
accumulated  the  smallest  amount  of  zinc-65  at  less  than  20  Bq/g.  Tlie  distribution  of 
zinc-63  between  fractions  was  disproportional  to  the  amount  of  zif>r  in  each  fraction. 
The  Fe-Mn  bound  fraction,  for  example,  contained  more  than  twice  die  amount  of  zinc 
than  the  carbonate-bound  fraction,  yet  less  than  half  the  amount  of  zinc-65  activity. 
The  degree  of  labelling  in  each  fraction  is  expressed  by  the  specific  activity. 

Comparison  of  Specific  Activities  of  Zinc-65  In  the  Sediments  and  tfte  Tubificids 

Comparison  of  zinc-65  activity  in  the  animals  (Table  I)  with  zirK-63  activity  in  the 
sediment  fractions  (Table  3)  shows  that  the  Fe/Mn  oxide  fraction  is  closest  in  specific 
activity  to  that  of  the  tublficid  worms.  The  mean  specific  activity  of  the  worms  was 
I. ft 2  and  1.17  Bq/ug  zinc  respectively  for  the  two  exposures  compared  with  1.02  and  1.07 
Bq/ug  zinc  for  the  specific  activities  of  the  Fe/Mn  oxide-bound  fraction  of  the 
sediments.  In  both  experiments  the  Fe/Mn  fraction  is  the  only  sediment  fraction  whose 
mean  specific  activity  falls  within  one  standard  deviation  of  tfie  specific  activity  ol  zinc- 
65  in  the  worms. 

Ttie  similarity  in  specific  activity  of  zinc-63  in  the  tubificids  with  tliat  in  the  Fe/Mn 
oxide-bound  fraction  suggests  Uiat  this  metal  fraction  serves  as  a   source  of  zinc  to  the 
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TABLE  2:  CHEMICAL  FRACTIONATION  OF  ZINC  IN  CHEMICAL  FRACTIONS  OF 

SEDIMENTS  USED  IN  TUBIFICID  EXPOSURES 


Fraction 


6» 


One-Month  Exposire 


Zinc  (ug/g) 

0.2 

100 

211 

22 

33 

Percent  ol  Total** 

0.1 

27A 

37.5 

6.0 

9.0 

0.05 


393 


Two-Month  Expostvc 


Zinc  (ug/g) 

1.5 

152 

168 

28 

56 

Percent  of  Total"" 

O.M 

37,6 

fl.* 

6.9 

13.7 

0.052  392 


Fraction  1  =  easily-exchangeable;  2  =  carbonate;  3  -  Fe/Mn  oxide;  <t  =  organic; 

3  =  residual;  6  =  interstitial;  7  =  total.    Values  averaged  over  11  dishes  of  two  replicates 

each. 


"     Cortcentration  expressed  in  mg/L, 

■•  FVrcenl  expressed  as  the  sum  of  the  fractions. 


TABLE  3:  MEAN  ACTIVITY  (Rq/g)  AND  MEAN  SPECIFIC  ACTIVITY  (Bq/ug  zinc)  OF 

ZINC.65  IN  CHEMICAL  FRACTIONS  OF  SEDIMENTS  USED  IN 
TUniFICID  EXroSURES  (Fraction  I  =  easily-exchangeable;  2  r  carbonale- 
bound;  3  =  Fe/Mn  oxide;  '*  =  organic;  5  =  residual;  6  ^  interstitial) 


Fraction  I  2  J  *  5  6^ 


Okte-Month  Exposire 

Activity  2.*7,0.73       481*35  218i60  11.3*7.7  5.33t«.66       0.38iO.<i7 

Specific  12.6i7.8       t(.96i0.9        1.02iO.I6       0.>t>t6i0,29i       0A5iiOAt2       (i.6,l.7 

Activity 

Two-Month  Ejrpostre 

Activity  16.8^  <i8Ii96  l79iW  17.3*1  l7.tt[G  I.6i0.87 

Specific  15.1  3.17*0.52        1.07,0.29         0.6(1,0.39  0.32,0.27       26.i»iZI.3 

Activity 


All  values  expressed  as  mean  ,  one  standard  deviation 


Activity  expressed  as  Bq/mL. 
Preliminary  results  only. 


worms.  Iron  aixl  the  Fe/Mn  oxide  bound  Iractron  of  the  sediments  have  beeii  implicated 
in  numerous  studies  on  tlie  bioavailability  o(  trace  metals  to  deposit-feeders  (Luoma  and 
Jenne,  1976a,  Luoma  and  Bryan  1978,  1979;  Tessier  et  al.,  [9iU).  lliese  studies  suggest 
ttat  ttie  iron-oxide  bound  fraction  serves  directly  as  a  source  of  heavy  metals  or  thai 
iron  competes  with  the  organism  for  available  metals.  By  using  a  very  different 
technique,  this  study  confirms  the  Involvement  of  iron  and  Fe/Mn  oxides  in  the 
bioavailability  of  heavy  metals  to  benthic  d^osit  feeders.  Unlike  some  of  the  studies 
above,  however,  this  study  points  to  the  Fe/Mn  oxide  fraction  as  a  direct  sotirce  of  zinc 
to  the  organisms  rather  than  a  competitor  with  the  organisms  for  available  zirx:. 

This  isotopic  method  of  determining  bioavailable  fractions  in  sediments  involves  several 
assumptions  which  must  be  discussed.  First,  the  method  assumes  isotopic  equilibrium 
between  the  bioavailable(s)  fraction  and  the  organism.  The  actual  length  of  time 
required  for  isotopic  equilibrium  between  the  sediments  and  these  tubificid  worms  is 
uncertain.  The  literature,  based  largely  on  polychaetes  and  deposit-feeding  clams, 
presents  a  wide  range  of  times  required  for  equilibrium  arxf,  to  complicate  matters, 
suggests  that  different  pools  exist  in  deposit  feeders  having  different  turnover  rates  of 
heavy  metals  (Renfro  and  Benayoun,  1976,  Renfro  et  a|.,  1975).  Renfro  (1  973)  exposed 
the  marine  polychaele  Hermione  to  zinc-63  labelled  sediment  and  found  that  60  days  or 
more  were  required  for  this  worm  to  approach  steady-state  with  2inc-65  in  the 
sediments.  Luoma  and  Jenne  (1976a),  however,  found  that  after  eight  days  cadmium- 1 09 
uptake  by  the  deposit-feeding  clam  Macoma  balthica  was  solely  the  result  of  uptake  from 
the  solute  pool  of  cadmium-109.  In  this  study,  we  attempted  to  be  conservative  ar»d 
assumed  equilibrium  between  isotopic  pools  required  at  least  30  days  and  possibly  60 
days-  Tlie  data  indicate  that  a  30-day  exposure  would  have  been  sufficient.  Ttie 
oligochaetes  did  not  increase  in  either  2inc-65  activity  or  specific  activity  twiween  the 
two  exposures.  The  mean  activities  of  the  worms  in  tlie  30-  arid  60-day  exposures  are,  in 
fact,  quite  close  at  358  and  278  Bq/g  worm  respectively  (Table  1). 

Another  assumption  requiring  discussion  is  that  sediment  ingestion  is  t)ie  dominant 
metiiod  by  which  tubificids  accumulate  zinc  and  zinc -65.  Uptake  of  heavy  metals  labels 
directly  from  solution  by  benthic  deposit  feeders  has  been  demonstrated  in  many  studies, 
including  those  of  Luoma  and  Jenne  (1976a,  1977).  Dean  (19711)  found  tliat  tubificids 
accumulated  ziiK:-63  directly  from  water  (without  sedin^nls),  but  not  li  oni  labelled 
sediments-     f*rosi  (1981)  suggested   that   Interstitial  cadmium   was  a  dominant  source  of 


this  metal  to  Tubjtex  grown  in  Rhine  River  sediments.  M^ny  ntlier  studies,  however, 
indicate  the  importance  of  particujate-toimd  metals  in  their  accumulation  by  benthic 
deposit-feeders.  Bryan  and  Hummerstone  (1978)  and  Bryan  and  Uyvtl  (1978)  found  that 
large  proportions  of  most  melats  were  concentrated  in  the  digestive  glands  of  deposit- 
feeding  bivalves,  a  fact  implying  tlial  they  are  chiefly  absorbed  from  ingested  sediment. 

The  control  experiment  in  this  study  Indicates  that  tubificids  can  indeed  take  up  large 
quantities  of  metals  (in  this  case  zinc -65)  directly  from  solution.  Examination  of  the 
data,  however,  reveals  that  the  mechanism  of  zinc-65  uptake  in  the  controls  Is  very 
different  from  that  In  the  experimental  dishes  containing  sediments.  A  plot  of  zinc -65 
activity  vs.  the  zinc  content  in  tiie  experimental  worms  (Figure  2A)  produces  a 
significant  positive  correlation  where  the  slope  is  equivalent  to  a  mean  specific  activity 
of  the  accumulated  zinc-65.  These  results  are  consistent  with  a  bioaccumulatlon  model 
In  which  the  specific  activity  of  the  worms  approaches  that  of  a  bioavailable  cliemical 
fraction  in  tlie  sediments.  A  similar  plot  for  the  control  samples  (Figure  2B)  reveals  a 
significant  negative  correlation,  a  finding  indicating  a  very  different  mechanism  of 
uptake. 

It  is  likely  that  the  mechanism  of  zirx:-65  uptake  by  the  control  worms  is  that  of 
adsorption  to  the  external  cuticle.  Evidence  for  this  can  be  seen  in  a  plot  of  uptake  of 
zinc-65  (Bq/g)  in  Limrrodrilus  vs.  weight  of  the  worms  in  each  sample  (Figure  3).  Since 
each  sample  consisted  of  ten  worms,  the  mass  of  the  sample  itself  is  proportional  to  the 
mass  of  an  average  worm  in  each  sample.  Because  the  surface  area  to  volunw  ratio  in 
tfie  worms  decreases  with  size,  an  Inverse  relationsliip  would  be  expected  for  an 
adsorptive  mechanism  of  uptake  (Elwood  et  a[.,  1976).  A  significant  inverse  relationship 
does  indeed  exist  for  Limnodrilus,  although  no  such  relationship  was  evident  with 
Tub  if  ex. 

While  it  is  evident  that  In  the  absence  of  sediment  particles,  benlhic  deposit-feeders  can 
adsorb  large  quantities  of  heavy  metals  directly  from  solution,  it  remains  unclear 
whether  adsorption  or  ingestion  is  the  major  mechanism  of  uptake  in  natural  sediments. 
Although  f^osi  (1981)  concluded  that  interstitial  cadmium  was  tlie  major  source  of  this 
metal  to  Tub  if  ex,  bioconcentration  (actors,  based  or  pore  wafer  for  Tub  I  tex  grown  in 
Rhhe  River  and  Lake  Constarce  sedirrwnts  were  very  different  (1.8  and  0.3, 
respectively).     Bioconcentration   factors  based  on  the  whole  sediments,  however,  were 
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rigure   2:  Activity   al   2}nc~6i   in   Torms   vl   Zinc   (jjftlcnl   of    Worms  in  (A)  Oie- 

Montti  CxfKKire  and  (D)  Control 
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quite  similar  l7.iU  auf  7.71)  despite  very  different  levels  ol  cadmiiini  in  the  two 
sediments  0.it&  and  0.35  ug/g).  These  calculations  contradict  his  conclusions  by 
suggesting  that  particle-bound 'rather  than  interstitial  cadmium  is  the  source  of  this 
metal  to  the  worms.  Tlie  control  experiments  and  those  of  Dean  (1971*)  represent  an 
artificial  situation  in  which  organisms  are  exposed  to  2inc-65  in  water  without 
sediments.  In  nature,  sediment  particles  would  compete  strongly  with  tf»e  organisms  for 
the  available  zinc -65.  While  virtually  all  the  added  zinc -65  was  available  to  the 
organisms  in  the  control  experiment,  only  0.*%  of  zinc -65  added  to  Toronto  Harbour 
sediments  is  associated  with  the  interstitial  water  and  hence  available  for  adsorptive 
uptake  by  benthic  oganisms  (see  later  results).  Conclusive  determination  of  the 
mechanism  of  uptake  of  heavy  metals  by  benthic  deposit -feeders  whether  adsorptive  or 
ingestive,  will  require  furtlier  experimentation  already  underway.  Until  tliese  results  are 
available,  we  will  assume  that  ingestion  is  the  main  mechanism  of  assimilation  of  heavy 
metals  by  deposit-feeding  fauna. 

Bioavailability  of  Sediment -bound  Zinc  with  Sediment  Depth 

Chemical  Fractionation  o/  Zinc  with  Sediment  Depth 

In  both  cores  from  Toronto  Harbour  (Figure  *<)  porosity  decreased  from  about  75%  to  50% 
over  m  cm  of  depth.  The  smoother  porosity  profile  in  Core  No.  1  suggests  that  tliis  core 
is  the  less  disturbed  of  the  two,  although  both  cores  have  probably  been  greatly 
influenced  by  harbour  activities.  Pore  water  concentrations  of  zinc  range  from  5((  to  16* 
ug/L  and  appear  to  iixrrease  with  depth  in  Core  No.  I.  This  increase  in  depth  is  not 
apparent  in  the  second  core.  The  contribution  of  pore  water  to  the  overall  concentration 
of  zinc  is  very  small.  If  we  assume  a  sediment  porosity  of  75%,  the  interstitial  and  total 
zinc  concentrations  to  be  150  ug/L  and  ftOO  ug/g  respectively,  ifie  interstitial  water  only 
accounts  for  about  0.1%  of  the  total  sedimentary  zinc.  Almost  all  of  the  zinc,  therefore, 
is  bouiKJ  to  the  particles. 

Total  zinc  in  the  cores,  ranging  from  350  to  *30  ug/g,  is  high  relative  to  background 
levels  in  nearshore  2ones  o(  Lake  Cntario  (100  ug/g),  but  is  well  within  range  of  zirx; 
contents  in  river  mouths  and  harbours  (17  to  2,010  ug/g;  Mucfroch  ej^a]^  1986)  and 
polluted  river  sediments  in  Europe  (153  to  3,072  ug/g;  Calmano  and  Forstner,  1983).  The 
values  in  this  study  aie  comparable  to  those  obtained  in  Toronto  Hartiour  by  Persaud 
et  aL  (1985),    The  increase  o(  total  zinc  with  depth  in  Core  No.  1  was  not  observed  in  the 
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Figure  4: 


The  Cliemicai  Fractionation  of  Zinc  In  Two  Cores  From  Toronto  Harbour 
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second  core  or  in  itie  literature.  Total  zinc  actually  dwrreascd  wtlh  depth  in  two 
Norwegian  lakes  (Reutlior  et  al^  1981)  and  in  Lake  Constance,  Germany  (Forstner,  1982; 
Forstnerand  Witlman,  1983). 

Exchangeable  zirx:  in  Uie  Toronto  Harbour  cores  was  below  detection.  The  solution  of  Mg 
CI2  used  /or  these  extractions  actually  tost  contaminant  levels  of  zinc  to  the  sediments, 
which  acted  in  this  case  as  a  cation  adsorber.  In  sii>seqijent  sequential  extractions  of 
Toronto  Harbour  sediments,  an  ultrapure  grade  of  ttie  salt  was  used,  and  measurable 
levels  o(  easily-exchangeable  zinc  were  obtained.  Nevertheless,  easily-exchangeable 
zinc  was  always  less  than  1.6%  and  frequently  less  than  0.2%  of  tfie  total  zinc  content. 
Reuther  et  aK  (1983)  also  found  very  low  percentages  of  cation  exchangeable  zitx:  (1  to 
6%)  in  cores  from  the  two  Norwegian  lakes  mentioned  above.  Similarly,  low  levels  of 
exchangeable  zinc  were  found  by  Calmano  and  Forstner  (1983)  in  European  rivers  and  by 
Rapin  et  aL  (1983)  in  Mediterranean  sediments  {less  than  3%).  Tesslcr  et  al.  (1979)  also 
found  levels  of  easily-exchangeable  zinc  below  detection  in  sediments  from  the  Yamaska 
and  St.  Francis  Rivers,  QKcbec. 

Most  of  the  particle-bound  zinc,  about  80%,  resides  in  the  carbonate-bound  (13  to  17%) 
and  Fe/Mn  oxide-bound  fractions  (63  to  67%).  Similarly,  high  levels  of  zinc  were  found  in 
analogous  chemical  fractions  of  sediments  extracted  in  (he  studies  mentioned  above 
(Forstner,  1982;  Calmano  and  Forstner,  1983;  Rapin  et  aL,  1983;  Ruether  et  ah,  1983). 
Carbonate-bourxJ  zinc  in  Core  No.  I  increases  for  the  first  2  cm  thai  decreases  over  the 
length  of  the  core.  A  similar  subsurface  maximum  in  this  chemical  fraction  was 
observed  for  zinc  in  Lake  Constance  sediments  (Forstner,  1982)  and  (or  cobalt  in 
sediments  from  tJie  Ottawa  River  (Andrews  el  ah,  1985),  This  decrease  in  carbonate- 
bound  metals  with  depUi  in  the  sediments  is  probably  caused  by  a  parallel  decrease  in  pH 
that  results  in  a  dissolution  of  carbonate  compounds.  Ttie  subsurface  maximum  is  less 
easily  explained.  In  the  Ottawa  River  sediments,  low  levels  of  carbonate -bound  cobalt 
near  the  sediment  surface  were  associated  with  high  levels  of  easily-exchangeable 
cobalt.  Hie  latter  fraction  may  compete  with  the  carbonate  compounds  for  the  metal. 
A  similar  trend  in  easily-exchangeable  zinc  was  not  evident  in  the  cores  from  Toronto 
Harbour.  Moreover,  a  subsurface  maximum  in  carbonate -boutxl  zinc  did  not  occur  in  the 
second  core. 

The  Fe/Mn  bound  zinc  increased  with  depth  in  both  Toronto  Harbour  cores.  This  iiKirease 
from   about    50   to  70%  of    tlie  particle-bound   zinc   seems   to  correspond   well   with   the 
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decrease  in  carbonate -bmind  zinc.  It  seems  that  these  two  fraciions  virtuatly  control  the 
overall  partitioning  of  tfie  metals  in  the  sediments.  Slight  chemical  or  diagenetic 
changes  with  dcpOi  result  in  (lie  transfer  of  metal  from  one  of  the  two  fractions  to  the 
other,  while  sigrrificant  transfer  of  zinc  to  other  fractions  does  not  appear  to  occur. 

OI  the  remaining  fractions,  organically-bound  zinc  Increases  slightly  with  depth,  from 
about  5  to  7%,  while  no  trends  are  apparent  in  the  I*  to  16*  of  tJie  sediment-bound 
metal  classified  as  residual  and  extracted  only  in  hot  nitric  acid. 

Implications  for  Benthic  Deposit-feeders 

The  chemical  fractionation  of  zinc  with  sediment  depth  (Figure  *)  (tas  important 
implications  for  tlie  ultimate  accumulation  of  zir»c  by  benthic  oligochaetes.  Figure  *, 
irrdicates  that  over  the  upper  10  cm  of  sediments  between  30  and  70%  of  the  metal  is 
found  in  the  Fe/Mn  oxide  bound  fraction.  Ttiis  means  that  in  genera!  50  to  70%  of 
sediment-bound  zinc  is  available  to  tubificids. 

The  exact  quantity  of  available  zinc  will,  of  course,  depend  on  tlie  feeding  habitats  of  the 
worms  and  their  vertical  distribution  in  the  sediment  column  relative  to  that  of  the 
Fe/Mn  oxide-bound  zinc  fraction.  Studies  by  Brinkhirst  et^aL  (1969),  Milbrink  (1973)  and 
Krezosl<i  e£  al.  (1978)  suggest  (hat  the  majority  of  oligoclBetes  are  found  in  the 
uppermost  6  cm  of  sediment.  Krezoski  et  al.  (1978)  studying  sediments  from  Lake  Huron 
similar  to  ours  found  that  most  of  the  oligochaetes  were  in  the  0  to  5  cm  interval.  None 
were  below  10  cm.  Based  on  ttiese  results,  we  expect  the  majority  of  the  worms  to  be 
exposed  to  bioavailable  levels  of  zinc  between  *3  to  65%  of  the  total  zinc  content  of  the 
sediments  (We  are  using  the  less  disturbed  Core  No.  I  lor  these  calculations).  Since 
tubificids  normally  feed  at  depth  and  deposit  their  feces  on  the  sediment  surface,  they 
are  likely  to  ingest  sediments  having  levels  of  bioavailable  zinc  towards  the  higher 
extreme  of  this  range. 

Relative  EJtchange  Potential  of  Zinc  In  Chemical  Fractions  of  Toronto  llarboiir 
Sediments 

When  added  to  Toronto  Harbour  sediments,  inorganic  z\nC'6i  was  rapidly  taken  up  almost 
exclusively  by    the   sediment  particles.      Within  three  minutes  after  dosing,  over  99%  of 
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the  ziiK:-65  was  associaicd  with  tfie  particulate  fraction  and  only  0.'i%  witli  ifie 
interstitial  water.  Most  of  the  zJnc-6}  goes  directly  into  the  carbonate-botmd  (65%)  and 
Ihe  Fe/Mn  oxide-tKHind  (50%)  tractions.  Much  smaller  quantities  arc  taken  up  by  the 
exchangeable  fraction  (0.8%),  residual  fraction  {((%),  organic  fraction  (2.3%)  and 
interstitial  water  {less  than  O.U%).  Figure  3A,  showing  mean  activity  in  each  fraction 
versus  time,  indicates  that,  over  tine  month-long  experiment,  there  is  little  net  change  in 
2inc-63  activity  in  each  chemical  fraction  or  exchange  of  the  isotope  between  sediment 
fractions.  Fluctuations  in  activity,  such  as  those  occurring  in  the  residual  and  interstitial 
fractions,  are  caused  primarily  by  the  low  counting  rates  and  high  statistical  variability 
of  these  samples.  Tlie  decrease  in  activity  in  the  Fe/Mn  oxide  fraction  at  36  and  10.8 
days  into  the  experiment  represents  an  artifact  caused  by  a  drop  in  counting  e(ficierv:y 
for  this  series  of  samples.  Ttie  tttje  behaviour  of  this  fraction  is  probably  like  thai  of  the 
carbar>ate-bound  fraction  where  little  change  in  activity  occurs  dicing  the  experiment. 

Examination  of  the  specific  activity  of  zlnc-63  in  each  fraction  with  titne  (Figure  50) 
reveals  that  zinc-65  was  not  taken  14)  in  proportion  to  tlie  size  of  each  chcfnical 
fraction.  Thus,  the  easily-exchangeable  and  interstitial  fractions,  together  containing 
less  than  2%  of  the  total  sediment-bound  zir>c,  were  the  most  heavily  labelled  fractions, 
with  initial  specific  activities  of  25  arui  U.«  Bq/ug  zinc.  In  comparison,  tJie  carbonate 
and  Fe/Mn  oxide-bound  fractions,  having  over  80%  of  the  total  sedimentary  zinc,  took  ip 
proportionally  less  of  the  label,  with  mean-specific  activities  of  only  3.33  and  1.39, 
respectively.  TTie  organic  and  residual  fractions  accumulated  the  least  proportional 
amouitsof  2inc-63,  with  initial  specific  activities  of  0,60  and  0.51  respectively. 

Tlie  dramatic  decrease  in  specific  activity  of  the  easily-exchangeable  fraction  is  directly 
related  to  diagenetic  changes  during  the  coirse  of  tlie  experiment.  Between  ii  and  12 
days,  easily-exchangeable  zinc  ifxrreased  by  an  order  of  magnitude,  from  about  0.5  ug/g 
to  3.0  ug.  This  movemait  of  zinc  represents  a  sliift  of  only  1.5%  of  the  total  zinc 
content  of  the  sediments,  and  may  be  due  to  an  increasing  anoxia  within  tlie  sediments. 
Presumably,  the  zirK  came  from  a  fraction  such  as  the  carbonate-bound  fraction,  wtiere 
the  specific  activity  was  lower  than  in  the  easily-exchangeable  fraction.  The  result  of 
this  shift  was  a  dilution  of  the  zinc-65  with  stable  zinc  and  a  decrease  in  tlie  specific 
activity  of  Ihe  easily-exchangeable  fraction.  A  similar  decrease  in  specific  activity  of 
Ifie  interstitial  ziiK  fraction  can  also  be  partially  attributed  to  a  two-fold  increase  in 
interstitial  zinc  during  the  month-long  experiment. 
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Based  on  these  measuremefiis  of  specific  activity  in  Tigure  50,  il  i%  possible  to  indicate 
ttie  relative  ease  of  exchange  of  zinc  between  each  chemical  fraction  of  the  sediments 
and  a  hypothetical  pool  of  free  zinc.  The  relative  order  in  decreasing  magnitude  is  as 
follows: 

o  exchangeable  zinc, 

o  inlerstitial  zinc, 

o  carbonate-bofjnd  zinc, 

o  Fe/Mn  oxide-bound  zinc, 

o  organic  zinc,  and 

o  residual  zinc. 

The  results  of  this  study  are  similar  to  those  obtained  by  Andrews  e|  a[.  {1985).  Adding 
cobalt-60  to  natural  sediments,  these  authors  also  found  that  little  net  exchange  of 
cobait-60  occurred  between  sediment  fractions  after  the  initial  i4>tai<e.  As  in  this  study, 
they  found  (hat  cobalt-60  was  non-proportlonally  distributed  between  ttie  chemical 
fractions.  Both  studies  indicate  that  uplalte  and  excFenge  kinetics  determine  the 
chemical  distribution  of  heavy  metals  introduced  to  natural  sediments.  Uhen  a  heavy 
metal  is  added  to  sediments,  it  will  partition  between  the  various  chemical  fractions  in  a 
manner  dependent  upon  the  kinetics  of  exhange  between  each  fraction  or  between  each 
fraction  and  a  free  form  of  the  metal,  perhaps  in  the  inlerstitial  phase.  In  the  case  of  a 
metal  and  its  analogous  radionuclide,  each  chemical  fraction  of  ttic  sediments  should 
approach  the  same  specific  activity  If  sufficient  time  is  allowed,  each  fraction  is  ct^ially 
accessible  to  the  radiorxjclide  and  each  exchange  reaction  is  reversible. 

Evidently,  in  these  experiments  and  those  of  Andrews  «!  al-  {1985),  lliese  criteria  for 
equilibrium  were  not  met.  Hie  initial  distribution  of  zir)c-65  between  chemical  fractions, 
measured  within  minutes  of  its  addition,  is  retained  for  the  duration  of  the  experiment 
(Figures  5 A,  5B).  Itiis  distribution,  therefore,  represents  a  me ta -stable  equilibrium.  Ihe 
time  to  reach  true  equilibrium  is  at  least  in  the  order  of  monttis,  if  r>ot  years. 

Ihe  possibility  of  such  a  meta-stable  distribution  has  important  Implications  wtien 
considering  tiie  fate  aitd  bioavailability  of  metals  recently  introduced  to  the  sediments. 
Because  recently  iittroduced  trace  metals  are  not  necessarily  distributed  between 
sediment  fractions  in  proportion  to  the  size  of  each  fraction,  they  may  accumulate  for 
long  periods  in  fractions   which  are  eitfwr  highly  available  to  deposit  feeders  or  not  at 
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all.  Their  distribution  will  d^eixf  entirely  on  the  kinetics  o[  tlic  exchange  reactions 
involved.  For  example,  based  on  the  distribution  of  total  zinc  in  this  experiment  we 
would  expect  ttiat  almost  't3%  of  the  added  zinc-65  would  be  retained  in  the  most 
available  Fe/Mn  oxide  fraction.  Instead,  only  30%  of  the  zinc -65  was  acccumutated  in 
this  fraction.  Recently  added  zirK  is  therefore  less  available  to  organisms  then 
suggested  by  tfie  chemical  partitioning  of  zirx:  in  these  sediments. 

Determinaticm  of  the  availability  of  a  recently  added  metal  will  deperri  rrot  only  its 
absolute  uptake  by  a  bioavailable  fraction,  as  controlled  kinetically,  but  also  on  the  size 
of  the  fraction.  For  a  given  iptake  of  trace  metal,  a  bioavailable  fraction  already 
containing  a  large  amount  of  this  metal  will  experience  a  smaller  proportional  increase  in 
this  metal  than  that  of  another  bioavailable  fraction  containing  less  of  the  metal.  The 
smaller  the  proportional  irnrrease  In  a  trace  metal  within  a  bioavailable  fraction,  the  less 
significant  the  increase  in  exposure  of  the  deposit  feeder  to  the  metal.  It  is  of  course 
possible  that  txjth  the  uptake  kinetics  and  the  size  of  the  fraction  are  functionally 
related. 

In  this  experiment  measurements  of  the  specific  activity  of  zinc-65  in  each  chemical 
fraction  combine  both  the  absolute  uptake  of  the  label  and  the  size  of  the  each  zirv- 
fraction  to  express  the  fractional  increase  in  zinc-65  in  each  fraction  for  a  given  addition 
of  zlrK:-67  to  the  sediments.  Consideration  of  both  the  specific  activity  of  each  fraction 
and  its  bioavailability,  therefore,  indicate  the  fate  of  small  quantities  of  zinc  added  to 
the  sediments.  In  general,  for  any  metal-radlonuctide  system,  the  greater  the  specific 
activity  in  a  bioavailable  fraction,  the  greater  the  exposure  of  an  organism  to  the  trace 
metal.  In  Toronto  Harbour  sediments,  the  spwcific  activity  of  zinc-65  in  the  bioavailable 
Fe/Mn  fraction  was  low  relative  to  the  other  fractions.  Three  other  chemical  fractions, 
(exchangeable ,  interstitial  and  carbonate  bound)  had  higher  specific  activites  and 
therefore  exchanged  mucfi  more  freely  with  other  fractions  or  soluble  zinc.  Tlieeffects 
of  small  additions  of  zinc  to  the  system  are  therefore  mitigated  both  by  llie  slow  rates  of 
uptake  of  zinc  by  the  Fe/Mn  oxide  fraction  and  the  magnitude  of  the  fraction  itself. 
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Abatract 

A  family  of  general  and  conceptually  slnple  models  has  been  developed  that 
la  capable  of  predicting  the  behaviour  and  fate  of  ccmtcmlnants.  The 
models  are  based  on  thermodynamic  principles  with  an  equUlbrlim  criterion 
replacing  the  use  of  ccncentratlon.  Fugaclty  Is  the  criterion  used  for 
organic  <^iaftlcals  that  partition  between  air  and  water  fhases,  and  activity 
la  used  for  inotvanlc  cheralcale  with  negligible  Viqxnir  pressure. 

The  aln  of  the  study  described  In  this  paper  is  to  develop  an  activity- 
based  mechanistic  model  for  predicting  the  fate  of  lr»rganlc  contaminants 
In  fresh  waters.  The  molal  is  being  applied  to  arsenic  In  Molra  Lalce, 
located  in  eastern  Oitarlo.  This  lake  has  had  elevated  arsenic  loadings 
for  over  100  years  frcm  an  t^stream,  now-abandoned  mine  at¥l  mineral 
processing  facility.  The  study  is  conprised  of  four  conponents:  a  field 
study  of  ffcira  Lake,  a  study  and  subsequent  Kxlelllng  of  arsenic  dynamics 
betv*en  the  water  colum  and  sediments  In  lake  enclosures  using  a 
radioisotope  of  arsenic,  laboratory  studies  of  sediment-water  exchange,  and 
synthesis  of  all  results  into  a  ccn^irehenaive  fata  model  for  arsenic  in 
Molra  Lake. 

The  structure  of  the  research  pixagi'am  is  described,  ami  progress  on  the 
various  ocapcnents  la  reviewed. 


Introductlcti 

VbiTf  situations  exist  In  v*ilch  sediments  have  been  contaminated  as  a  result 
of  previous  industrial  and  municipal  discharges  or  spills.  In  these  *'ln- 
place"  pollutant  situations,  the  regulatory  problem  Is  oftpn  to  determine 
the  amounts  of  chemicals  present,  thalr  bloaval lability,  the  response  or 
recovery  time  of  the  systan,  and  viiether  artificial  remediation  la 
preferable  to  natural  ronedlatlcn.  One  a^jroach  to  the  problem  Is  to 
Bssonble  a  mattwsnatlcal  model  of  the  sltiMtlcn  and  use  It  to  explore 
possible  actions.  Such  models  are  obviously  useful  cnly  If  they  are  valid, 
that  Is,  If  they  give  a  re^Kxiably  accurate  description  of  reality,  "niey 
rtKJuld  be  based  on  equations  v*ilch  describe  real  physical,  chpmical,  and 
biological  processes.  Perhaps  the  meet  sticcessful  models  of  this  type  In 
the  aquatic  envlrorment  have  been  the  dissolved  cotygen  or  reaeratlon  models 
and  the  j^oephorus  models,  which  were  used  to  predict  the  effect  of  redxiced 
[iiosphorus  loadlr^s  en  the  Great  Lakes.  Such  models  have  been  perceived  to 
be  very  successful,  although  surprisingly  little  effort  has  gone  Into 
validating  the  ptosphorus  models.  A  recent  IJC  publication  revleve  the  use 
of  Models  in  such  situations  (IJC,  1986). 

Tto  assist  In  providing  a  general  and  easily  understood  envirormental  model 
capable  of  predicting  the  fate  of  contaminants,  cur  gro»v  ^*^  developed  a 
family  of  models  based  en  thermodyrwnlc  principles.  The  central  concept  is 
that  concentraticns  are  replaced  by  an  equilibrium  crlterlcm,  thus 
sinpllfying  expressions  for  Intermedia  transport.  Ptor  orgwilc  chemicals 
that  pwtltlon  between  air  and  water  phases,  fugacity  is  the  equilibrlvm 
criterion  used.  For  inorganic  oontamirewits  that  have  a  negligible  vapour 
pressure,  activity  is  preferable.  Both  fugacity  and  activity  are  linearly 
related  to  concentration,  and  models  written  In  any  of  these  terns  are, 
ultimately,  nathanatically  equivalent. 

The  objective  of  our  research  is  to  develop  a  mechanistic  model  based  oti 
activities  to  describe  Inorganic  contmilnant  movanent  In  fresh  waters  with 
onphssls  en  water-sediment  sochange. 

In  this  paper,  we  describe  prugi-ess  on  a  Ministry  funded  project,  the  goal 
of  which  is  to  assuwfcle  a  reliable  model  which  describes  the  p«st,  present, 
ml  future  b(*avlour  of  one  contaminant  (arsenic)  in  one  lake  system,  Molra 
Lak3B,  new  Belleville.  Molra  River  and  Lake  have  received  arsenic  InfMte 
for  over  100  years  trcm  an  upstream,  no*»-abandoned  mine  and  mineral 
processing  facility  at  Deloro.  In  1979,  the  Ministry  Initiated  a  site 
cleein-tq?,  and  since  then  has  been  treating  arsenlc-rlch  leachates  flowing 
Into  the  WDlra  River.  To  date,  total  expenditures  en  this  project  has  been 
In  excess  of  32.5  million  and  annual  operating  cost  are  about  $250,000. 
Despite  these  eCforta,  ectne  arsenic  still  enters  the  river  at  Deloro,  and 
the  contaminated  sediments  of  Molra  Lake  provide  a  source  of  arsenic  to  the 
overlying  water.  To  develop  a  conprelienolve  model  of  this  system,  cur 
project  has  Involved  four  related  ccntjonents  that  are  outlined  below. 


1-  A  field  study  la  being  conducted  to  Investigate  tive  levpla  of  arsenic 
and  various  llmnologlc  paimeters  In  the  water,  siisponled  sedlmentg,  and 
bottcn  sediments  of  tfie  Molra  Lake  systan  at  regular  Intervals  over  a  full 
year,  including  winter  condltiooa.  We  have  been  helped  In  this  process  by 
previous  studies  and  by  the  assistance  of  the  Ministry  of  the  Envlroment, 
Southeastern  Region.  It  Is  a  pleasure  to  acknowledge  their  ctxjperatlcn, 
partlcuiary  that  of  Glenn  Owen. 

The  analyses  of  Holra  Lake  sanples  for  total  arsenic  content  are  being  done 
with  the  collaboration  oC  Dr.  S.  Landsberger  of  the  University  of  Illlmis. 

2-  Wb  havs  imdortaiken  a  study  of  the  dynamics  of  arsenic  as  It  migrates 
betwewi  the  water  column  and  bottan  sediment  of  llmnocorrals  or  small 
enclooures  In  a  lake.  This  work  was  done  In  conjunction  with  Dr.  R.J. 
Comett  of  Atonic  Energy  of  Canadb  Ltd.  at  Perch  Lake,  within  the  property 
of  the  Chalk  River  Muclear  Laboratory.  The  study  was  designed  to  linn-ove 
cur  understanding  and  to  build  a  simple  model  of  arsenic  dynamics  within  a 
lake  by  aonitorlng  the  movement  of  As-74,  a  radioisotope  of  arsenic,  within 
the  lake  enclosures.  With  the  use  of  As-74,  we  have  been  able  to  quantify 
and  model  Its  movement  due  to  sediment  deposition,  resuspension,  and 
dirfinlon,  the  major  processes  Influencing  the  disappearance  of  arsenic 
frcn  the  vater  coluim  and  its  subsequent  reappearance  from  sediments. 

3-  In  order  to  provide  a  detailed  view  and  to  quantify  the  process,  a 
laboratory  system  tias  been  developed  for  eKploriiig  the  equilibria  involved 
in  the  exchaige  of  arsenic  between  sediments  and  water  as  a  functlcn  of 
temperature,  pH,  and  Eh.  it  is  believed  that  this  system  may  have  utility 
beycnd  this  study  as  a  tool  for  Investigating  the  availability  of  "In- 
place"  pollutants,  for  exanfile,  their  tendency  to  migrate  back  into  the 
water  colian. 

4-  "ISe  final  and  most  Inportant  step  is  the  asseiitply  or  synthesis  of  the 
envircmmtal  information,  the  water  oolimn-sodiment  exchange  studies,  and 
the  sediment  equilibria  findings  Into  a  conprehensive  model  of  the 
behaviour  of  arsenic  in  the  Molra  Lake  system  over  the  period  1850  to  the 
present,  and  extending  to  the  future.  In  this  report,  we  discuss  the 
progress  of  these  four  conponent  studies  Individually. 

Field  3t\Klv  of  Holra  Lake 

The  Mslra  River  syBtem  In  eastern  Ontario  has  experienced  elevated  arsenic 
loading  since  gold  mining  and  arsenic,  cobalt,  and  nickel  processing 
activities  began  around  the  village  of  Deloro  In  1866.  Arsenic  and  heavy 
metals  froi  this  source  have  been  renoved  frcm  the  river  at  the  major 
sediment  deposition  zones  of  Bend  Bay,  Molra  Lake,  and  Stoco  Lake.  So  that 
we  may  model  the  system,  it  has  been  necessary  for  us  to  augment  existing 
Information  ccncemlng  Molra  lAke  and  to  rectxistruct  historical  arsenic 
loadings  to  the  systan  using  sediment  records. 


Holra  LakjB  Is  a  large  (837  ha),  BhalJow  (mean  depth  4.4  m)  lalw  located 
annxxtinBtely  50  Vm  north  of  Lalce  Ontario  at  Belleville  (44030'  H,  77027' 
H) .  The  lake  la  located  at  the  contact  zone  between  sedimentary 
limestones,  and  raetamorphlc  and  Igneous  bedrock.  As  a  result  of  the  lake's 
large  catchnent  ar^^  (seme  of  Mhlch  Is  used  for  agriculture).  Its  shallow 
depth  and  the  weathering  of  underlying  limestones,  the  pH,  total  dissolved 
solids  content,  hardness,  and  alkalinity  of  the  lake  are  all  high.  Whereas 
It  Is  classed  as  a  single  lake,  a  constriction  separates  the  lake  Into  two, 
functlofially  separate  basins:  a  smaller  basin  to  the  west  and  a  larger  one 
to  the  east.  In  this  study,  these  two  basins  are  treated  as  separate 
units.  For  modelling  purposes,  we  also  IncliJde  Bend  Bay  (vAilch  Is  located 
Just  i^Mtreon  of  M^lra  Lake)  as  a  separate  hydraulic  segment,  since  It  Is 
believed  to  be  a  si^ilflcant  trap  for  sediments.   Figure  1  Is  a  nap  of  the 


Our  field  study  has  Involved  a  one-time  san^llng  of  fish  of  the  lake  and 
periodic  san^llng  of  the  water  and  sediments  of  Bend  Bay  and  Msira  Lake. 

Fl^  frcn  the  two  basins  of  Mslra  Lake  wera  collected  for  analysis  in  1966 
In  ccnjunction  with  the  fish  sanpllng  prograw  of  the  Ministry  of  Natural 
Resources  (TWeed  District).  A  total  of  27  fish  from  six  species  were  taken 
frcn  trap  nets  set  throughout  the  lake.  The  fleti  were  weighed,  measured, 
and  if  possible,  sened.  Samples  were  taken  of  muscle,  liver,  and  for  seme 
of  the  fish,  skin.  ITiesa  sarrples  are  currently  being  analyzed  for  total 
arsenic  content. 

Based  on  an  understanding  of  arsenic  dynamics  gaznered  from  our  enclosure 
eiKperiments ,  mb  designed  a  program  to  sample  the  wster  and  sediments  of 
H3lra  Lake.  For  example,  althou^  our  previous  models  accomnodated 
dissolved  and  a  single  particulate  fractlcn  of  chemical  In  the  Hater. 
results  froi  our  enclosure  wot*  siiggested  that  different  particulate  size 
fractions  Influence  arsenic  dynamics.  Consequently,  we  designed  our 
sanpllng  regime  to  include  four  particulate  size  classes. 

Ite  have  sanpled  the  water  and  sediments  of  Molra  Lake  at  mcnthly  Intervals 
frcm  Jtffie  to  October.  These  trips  involved  collecting  water  Just  below  the 
water  surface  at  the  Inflow,  outflow,  and  Bend  Bay,  and  a  depth- Integrated 
water  coltmn  sanfile  from  the  surface  to  within  1  m  of  the  sediments  at  the 
deepest  location  in  the  west  and  east  faaslns.  At  these  two  stations  and  at 
Bend  Bay,  we  also  took  zooplankton  tana  (110  wn  mesh),  a  ternierature 
profile  of  the  water  column,  Secchl  disk  depth,  and  wo  collected  several 
sediment  cores  using  a  modified  K-B  corer.  Finally,  at  tjie  deep  sarpUng 
sites  and  at  a  shallow  site  (4  m  deep)  within  each  of  the  west  wid  east 
basins,  we  collected  saitples  of  sedlmentlng  particulates  using  cylindrical 
sediment  traps.  Three  traps  with  a  hei^tidismeter  ratio  of  6:1  were 
depioysd  at  each  of  the  four  sites  for  49  hours. 

The  *«ter  samples  frcm  the  Inflow,  outflcw.  Bend  Bay,  and  the  two  basins 
were  separated  into  dissolved  and  three  particulate  fractions  using  20  i*n 
mesh  screens  and  pren^el^wd  1.2  un  and  0.4S  um  menbrwie  filters  within  24 
hours  of  collection.  »iter  overlying  the  sediments  In  the  sediment  core 
tubes  was  handled  In  the  same  way  (this  water  okIc)  .  Samples  of  imfiltered 
and  filtered  water  M?re  preserved  with  one  percent  Ultrex  nitric  acid  and 
stored  refrigerated  in  acid-washed  plastic  bottles. 
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Before  filtering,  subBanriles  were  taken  of  particulates  collf»cted  In  the 
sediment  traps,  and  the  remaining  particulates  were  collected  on  pre- 
weighed  1.2  tm  glass  fiber  filters.  TTiese  filters,  as  well  aa  tlte  1.2  tin 
ard  0.45  im  membrane  filters  on  vtilch  the  v«ter  colurrai  particulate  sanples 
were  collected,  were  weighed  and  then  stored  until  analysis  for  their 
arsenic  content.  The  subeanples  of  the  sediment  trap  particulates  were 
analyzed  by  means  of  a  Coulter  counter  to  determine  the  size  distribution 
of  sedlnentlng  particles. 

TVfo  cores  per  basin  €UTd  Bend  Baty  were  sectioned  at  2  cm  Intervals  under  a 
nitrogen  atmosphere.  As  well  under  nitrogen,  the  pore  water  was  separated 
fran  the  solid  sediments  by  c^trlfugatlcn  and  subeequent  filtering  using 
0.43  un  wtaabrane  filters.  These  pore  water  samples  were  preserved  with  one 
percent  Ultrex  nitric  acid.  The  solid  sediments  were  transferred  to  vials, 
dried  at  KPC  for  several  datya.  and  then  weighed  In  preparatlcn  for 
aralyela. 

With  tha  ronaining  sediment  cores,  we  measured  gh  and  pH  at  I  on  Intervals 
dcwi  to  20  OB  belof  the  sediment /water  Interface.  On  one  occasion,  the 
water  content  and  lose  on  ignlticn  of  sediments  was  determined  for  each  2 
ca  aectlcn  of  cores  collected  frcH  the  three  sites. 

All  sanfiles  taken  frai  Holra  Lake,  including  waters,  pore  waters, 
particulates  on  filters  from  water  sanples  and  sediment  traps,  zooplankton, 
sediments,  and  fish  tissue,  are  being  analyzed  for  total  arsenic  by  means 
of  neutron  activation  analysis  at  the  University  of  Illinois  in  a 
collaboratlva  project  with  Dr.  3.  Landsberger. 

Neutron  activation  analysis  is  an  extremely  sensitive  method  to  detemiine 
arsenic  in  the  env I rotment ,  and  numerous  papers  have  appeared  en  this 
technique.  However,  for  ths  determination  of  arsenic  In  *«ter  at 
ctxicent  rat  Ions  of  several  nenograms  per  gram,  a  relatively  high  neutron 
flux  la  preferred  so  that  good  comtlng  statistics  can  be  achieved  for 
reliable  precislcn. 

Typically,  sediments  {0.5-1.0  g)  were  Irradiated  at  a  flux  of 
1. 3x10^2  n  cm~2s~*  for  a  period  of  2  hours.  A  delay  time  of  5-7  days  and  a 
counting  time  of  only  several  minutes  was  needed  to  achieve  a  precision  of 
\~2\  and  detection  limits  of  1O-20  tig/g.  These  detection  limits  could 
easily  be  reduced,  but  this  was  not  necessary  since  typical  ccncentratlcns 
were  between  400-1200  ug/g. 

The  particulate  sanples  collected  en  filters  were  Irradiated  with  a  flux  of 
4.5xlOl2  n  cm^2arl  for  a  period  of  3  hours.  Depending  on  the  type  of 
filter  and  Its  matrix,  detection  llHlts  varied  frcm  0.01-0.8  ug  with  a 
precision  of  2-3*.  Decay  times  wore  froi  3-7  days  with  counting  periods 
from  10-15  minutes. 

The  determination  of  water  and  pore  Maters  was  found  to  be  optimized  using 
a  3  hour  irradlatlcn  at  a  flux  of  4.5x10*2  „  CTn"2s"l,  a  delay  time  of  15-24 
hcxirs,  and  a  counting  time  of  10  minutes.  Typical  preclsicsi  was  lb%  and  a 
dstectlcn  limit  of  1-5  ng/g. 


Calibration  was  doiw?  using  standards  from  atonic  ab«?orptlon  RoJutlons  and 
checked  with  the  analysis  cprtlf led  reference  materials.  Radioactive 
counting  waa  done  using  a  state-of-the-art  hl^  resolution  counter  with  an 
efficiency  of   19». 


PreAlmlnary  Reguits 

It  is  evident  frcn  our  preliminary  results  that  arsenic  l^veln,  as  well  as 
many  llisiologlc  conditions,  vary  considerably  Kith  lake  segment  and  time  of 
year.  Bend  Bay  Is  a  very  shallow  (1  m  deep)  enlargement  of  the  ftolra 
River.  water  transparency  Is  extronely  low  (1.2-2.0  m  Secchl  depth, 
depending  on  ths  month),  and  a  substantial  portion  of  the  suspended 
particulates  consists  of  fine  particulates.  The  surface  sediments,  which 
are  99*  pore  water,  contain  0.7  to  0.8  ppn  total  arsenic  or  about  0.1*  of 
the  arsenic  concentration  In  the  solid  sediments.  This  ratio  of  arsenic  In 
the  pore  water  to  sediments  decreases  with  Increasing  depth  Into  the 
sediments.  The  concentration  of  arsenic  in  the  solid  sediments  reaches  a 
maxlimn!  at  6  to  14  cm  below  the  sedlment/v«ter  Interface.  Hegatlve  EJi 
values  rise  in  the  sediments  fron  2  an  below  the  Interface  In  spring  and 
early  sumer  to  1  c»  below  In  late  sunner. 

The  west  basin  of  Walra  laloe  Is  about  300  hectares  In  area,  with  a  uniform 
depth  of  3  m  (excluding  two  holes  attending  to  8  m  depth).  Secchl  depth 
readings  vary  frm  4  m  In  spring  to  In  In  siaimer,  v*ien  productivity  Is 
hl^iest  and  thermal  stratification  may  occur.  The  sediments,  »*ilch  are 
similar  in  consistency  but  havs  a  5\  hl^ier  orgwilc  matter  content  than 
that  of  Bend  Bay,  appear  to  be  ancsclc  year-round  at  depths  greater  than  1 
an  beloH  the  sediment /water  Interface.  However,  the  actual  Eh  potential  of 
these  sediments  and  the  Inrnedlately  overlying  water  varies  from  maximal 
values  In  spring  to  minimal  values  In  mld-siitmer.  Arsenic  In  the  pore 
waters  of  tt*?se  sediments  follo*«  the  pattern  observed  In  the  Bend  Bay 
sediments;  values  are  hl^iest  at  the  surface  and  decrease  with  Increasing 
depth.  Arsenic  In  the  solid  sediments  reaches  a  pede  concentration  of  over 
1000  pfiB  at  8  to  12  CM  below  the  sediment /water  interface. 

The  east  basin  of  Molra  Lake  Is  the  largest  of  the  segments  we  are 
modelling.  It  has  a  surface  area  of  about  900  hectares  and  three  deep 
areas  within  the  generally  shallow  basin.  Secchl  disk  readings  are  similar 
to  that  of  the  west  basin.  But,  unlike  the  west  basin,  limited  thermal 
stratification  develops  In  the  east  basin  because  of  Its  long  fetch  and 
shallow  depth.  The  s«iiner-lc«ig  blocn  of  fllHmentous  blue-green  algae 
suggests  that  the  past  basin  Is  the  most  eutrophlc  Etrf  productive  of  the 
three  segments  we  are  modelling.  Because  of  this  productivity,  the 
concentration  of  suspended  particulates  was  highest  In  this  se^nent, 
despite  the  fact  that  much  of  the  Inflowing,  heavy  Inorganic  particles 
sediment  In  Bend  Bay  and  the  west  basin.  Another  ccwisf'Tiipnce  of  this 
productivity  is  the  extremely  loose  and  floccy  cCTislstency  of  the 
sediments.  The  surface  layer  of  sediments  contains  only  0.04>;  solids,  of 
which  45*  Is  organic  matter.   Of  the  three  segments,  the  sediments  In  the 


east  basin  appear  to  have  the  highest  Eh  levels,  which  may  be  attributable 
to  their  extremely  loose  and  floccy  consistency,  tlielr  high  water  content, 
and  the  long,  shallow  bsisln  mori^icDtatry  that  enhances  water  circulatjcn. 
Anoxia  prevails  in  ttnese  sediments  at  3  to  4  cm  below  the  sediment/Mater 
Interface  In  fall  and  spring  but  rises  to  1  oa  depth  In  mid-sumner. 

Contrary  to  the  pattern  c^^eerved  in  Bend  Bay  and  the  west  basin,  the 
concentration  of  zu-senlc  in  the  pore  water  of  the  east  basin  increases  with 
Increasing  depth  into  t^w  sediments  and  is  very  low  (0.04  to  O.OS  ppn)  at 
the  surface.  In  the  solid  sediments,  a  peak  In  arsenic  concentration  la 
fcund  8  to  12  cm  below  the  interface,  as  in  Bend  Bay  and  the  west  basin, 
but  Interestingly,  a  eeccnd  peak  was  observed  at  the  surface  In  spring  and 
fall.   Ttiia  surface  pecdc  of  crver  1000  p^n  mbs  not  found  during  sunmer. 

The  levels  of  arsenic  in  the  late  water  also  vary  among  segments  and 
seasonally.  In  spring,  the  levels  in  Bend  Bay  are  about  0.06  ppn,  80K  of 
v*\lch  Is  dissolved.  Travelling  doMnetream,  the  levels  in  the  west  basin 
fall  to  0.03  to  0.05  ppn  and  in  the  east  basin  gni  outflow  they  are  lowest 
at  0.02  to  0.03  ppn.  HcMever,  In  fall  1986  the  reverse  trend  was  observed, 
with  arsenic  levels  of  0.025  ppi  In  the  Inflow  and  west  basin  and  0.055  ppn 
in  the  east  basin  and  outflow. 

These  data,  in  addition  to  a  crude  nass  balance  of  the  river  systeni  frcn 
just  below  Deloro,  where  the  arsenic  enters  the  Hoira  River,  to  Malra  lake 
Itself,  suggest  that  in  certain  aeasona,  such  as  winter  and  spring,  tlie 
arsenic  levels  within  the  lake  exceed  that  entering.  The  magnitude  of  this 
"negative  retoition"  appears  to  be  Increaolng  frcm  yecir  to  year  and 
duration  within  the  year. 

The  results  briefly  outlined  above,  together  with  those  forthconlng  from 
the  arsenic  ai»Jysis  of  additional  samples,  are  being  used  to  build  a  model 
for  htolra  Late.  The  model  will  be  adapted  to  accomnodate  seasonal  changes 
In  the  temperature  regime  and  redcst  potential  In  the  late  and  sediments. 


The  Study  of  Sediment -Water  Exchange  DynaiUca  In  Late  Enclosures 

As  mentlcned  in  the  introduction.  In  order  to  understand  the  factors 
affecting  arsenic  movanent  within  a  late,  and  to  build  and  test  a  simple 
nodel  to  describe  this  movonent,  we  conducted  experiments  involving  the 
addition  of  radioisotopes  to  enclosures  In  a  lake.  This  ejqperlment  was 
done  In  conjunction  with  Dr.  R.J.  Cornett  of  the  Atonic  Energy  of  Canada's 
Limited's  Chalk  River  Nuclear  Laboratory  at  Chalk  River,  Ontario. 

The  enclosures  were  Installed  in  Perch  Late,  a  small  (45  ha  area},  shallow 
(mean  depth  2  m) ,  soft  water  late  located  on  the  Canadian  Shield  In  the 
Ottawa  River  Valley  (77022'W,  40^2 ' H) .  Tl«  late  Is  dlmitlc  {circulates 
twice  a  year),  does  not  stratify,  and  Is  dystrophic  or  a  bog  late  high  In 
orgEuUc  naterlal. 


A  total  of  a  encloKurPS  were  Inatalled  In  Perch  Lake  oii  Jime  A,  1986.  The 
enclosures  were  O.B  m  In  dlRmeter.  ar^nxDClmately  2  m  deep,  and  open  to  the 
sedlmentg.  The  tngs  were  made  of  heavy  gauge  plastic  and  were  held  c^sen  by 
hollow  rlngg  of  PVC  tubing:  a  top  ring  that  was  fixed  to  floating  rafts  at 
the  lake  surface,  a  middle  ring  1  m  beloH  the  surface  of  the  water,  and  a 
weighted  bottcm  ring  that  sank  10-15  cm  Into  the  sediments.  The  design  of 
the  tags  is  discussed  more  fully  by  Chsnt  and  Comett  (1987). 

Fifteen  Isotopes  were  ad3ed  to  6  of  the  enclosures,  and  9  of  these  were 
added  to  the  rsitainlng  two  enclosures.  rt»t  of  the  Isotopes  were  carrier 
free  aid  In  a  chloride  salt  fonn.  The  specific  activities  were  hl^  enough 
so  that  the  concentrations  of  the  elonents  In  the  enclosures  were  not 
sl^ilflcantly  increased.  Of  the  eight  enclosures,  two  were  monitored  as 
controls,  two  (with  the  9  isotopes^  ccntalned  fish,  v^ile  the  remaining 
four  were  manipulated  with  addition  of  particulates  end  hwdc  substances. 
In  this  paper,  we  will  discuss  the  results  froi  the  four  former  enclosures. 

To  monitor  the  flux  of  particulates  and  radioisotopes  to  the  sediments, 
sediment  traps  with  a  height  to  diameter  ratio  of  5:1  (Bloesch  and  Bums, 
19801  were  suspended  1  ■  above  the  sedlnaits  in  each  bag  and  in  the  lake. 
Adsorption  of  isotopes  to  the  bag  wall  was  monitored  by  counting  the 
activity  on  plastic  strips  hung  In  one  of  the  control  tags. 

PollcHlng  the  addition  of  isotopes  to  the  bags,  aanples  of  water,  suspended 
particulates  (>0.4\ib) ,  sediment  trap  material,  and  plastic  strips  were 
san^led  every  other  day  for  21  days.  After  21  darys,  the  walls  of  2  of  the 
bags  were  silt,  the  overlying  water  thoroughly  flushed  for  3  days,  and  new 
bags  were  placed  In  the  same  position  as  the  old.  The  release  of  Isotc^ses 
frcB  the  sediments  was  then  monitored  by  measuring  activity  In  the 
ever  lying  water.  This  was  done  every  few  days  with  decreasing  frequency 
with  time  for  a  further  SO  ctaya. 

All  sasfjlee  were  analyzed  for  activity  by  ymma  spectroscopy.  Tins  sanple 
ccwnta  were  corrected  for  detector  efficiencies,  geometry  effects,  «id 
radioactive  decay,  and  calibrated  using  standard  sources  prepared  by 
A.E.C.L.  All  results  have  been  expressed  relative  to  the  day  the  Isotopes 
were  added  to  the  enclosures.  Potential  artifacts  due  to  the  enclosures 
were  found  to  negligible  (Chant  and  Comett,  1987).  Further  details  of  the 
enclosure  design  and  methods  used  in  thla  study  has  been  presented  by  Chant 
and  Comett  (19S7). 


Sumnarv  of  Results 

During  the  first  tvo  weeks  of  the  ejq»rlment,  tte  loesea  of  arsenic  from 
the  i«ter  (as  i«ll  as  the  other  Isotopes  added]  was  log-llnear  arej  was  well 
described  by  the  model.  After  two  weeks,  when  wall  effects  became 
pronounced,  the  loss  rates  diminished  mvl  the  model's  predictions  were 
biased  (Figure  2).  Ttie  Initial  loss  rates  were  conparable  to  those 
reported  by  Hesslein  et  al.  (1980)  and  Schlrtller  et  al.  (1960)  for 
radlolsotopee  added  to  large  lake  enclosures  at  ELA.  For  the  secoivl 
portlcm  of  the  experiment,  ths  model  effectively  predicted  the  reappearance 
of  arsenic  Into  the  i«ter  colxim  as  a  result  of  desorptlon  fran  the 
sediments  (Figure  3).  Observed  and  predicted  behaviours  of  the  tracers 
were  more  similar  than  mb  expected  a  priori. 

Ttie  fit  of  the  model  to  a  single  tracer's  experlm-ntal  behaviour  Is  not 
pertlcularly  notevrorthy.  However,  It  Is  significant  that  we  obtained 
agreement  betveen  predicted  and  observed  values  for  different  enclosures  by 
changing  ofUy  the  measured  sedimentation  rate  aixl  concentratlcn  of 
suspended  particles,  and  for  a  wide  variety  of  tracers  (le.,  Zn.  Hg,  Fe, 
and  Sn)  In  whlcii  the  only  metal -specific  variable  was  Kp  (Figures  4  S  5). 
Tills  agreement  raises  two  points.  First,  this  simple  model  can  predict  the 
behaviour  of  netals  that  varied  frca  13Si  (2n)  to  30*  (As  arxl  1^)  to  80* 
(Sn)  particle-bound,  although  there  are  discrepancies  betwewi  predicted  and 
observed  desorptlon  values  for  sane  tracers.  Second,  the  results  show  that 
the  factors  controlling  the  rates  of  trarMport  of  partlcle-bour*l  and 
dissolved  species  are  similar  (Diamond  et  al.  1987). 

A  sensitivity  analysis  of  the  model  clarified  these  two  points.  Tlw  nodel 
Is  moat  sensitive  to  changes  In  sediraentatlcn/resuspenslon  a«l  diffusion 
rates,  «id  the  depth  of  the  layer  of  "active"  sediments.  Thio  layer 
represents  the  depth  frcai  vtilch  tracers  In  the  sediment  can  return  to  the 
water  coliam  during  the  time  of  the  experiment.  Me  estimated  this  depth  at 
6  mn  by  fitting  the  model  to  the  experimental  oboervatlors.  We  also  foun) 
that  the  magnitude  of  tracer  movement  by  dlffxialon  is  conparable  to  that  by 
particle  sedimentation,  the  exact  values  being  controlled  by  a  tracer's  Kp. 
For  arsenic,  60*  of  the  tracer  movecl  by  diffusion  airf  40*  was  due  to 
sediment  deposition  processes.  In  contrast,  13  and  87*  of  the  tin  tracer 
moved  by  diffusion  and  sedimentation,  respectively. 

Ccmparlng  the  results  obtained  fraa  enclosures  dlfferlr^  In  susperxled 
particle  con^iosltlon,  v«  found  that,  in  addition  to  the  above^mentlcned 
factors,  the  types  of  suspended  particles  In  the  water  column  stror^ly 
Influenced  tracer  movpment.  For  example,  humic  acids  arkled  to  the  water 
colum  decreased  tl»  rate  of  tracer  loea  by  suspending  them  In  the  water, 
whereas  added  inorganic  particles  Increased  the  rate  of  tracer  loss  by 
increasing  the  sedimentation  rate. 

Using  this  Infometion,  we  have  gained  an  understanding  of  ttw  Irrportance 
of  the  various  transfer  processes  affecting  arsenic  dynamics  in  a  lake. 
This  understsvling  has  helped  us  In  our  field  studies  of  Nblra  Lake.    It 
has  also  facilitated  application  of  the  alnple  model  developed  for  laice 
enclosures  to  a  more  sophisticated  model  for  the  Moira  Lake  system. 


Laboratory  Studies  of  Sediment  Hfeiter  Exchange 

It  Is  cIpqt  that  In  Moira  Iiaks  and  other  similar  altuatlorw,  the  prevailing 
water  quality  Is  being  cmtrolled  by  the  exchange  of  contaminants  with  the 
•edlments.   Assessing  these  situations,  sane  fcey  questions  arise,  such  a«: 

(I)  What  are  the  relative  amounts  of  the  contaminant  in  the  water  coluwi 
eni   sediment  (as  controlled  by  equlllbrlun)? 

(II)  HoH  fast  does  the  contaminant  migrate  froi  sediment  to  water? 

(ill)  For  hoH  Icrg  will  the  ccffitaminant  continue  to  "bleed"  from  sediments, 

given  that  they  may  become  depleted  or  buried? 
(lv(   What  roles  do  tanperature,  pH,  and  Eh  play  In  modifying  these 

d^  Mules? 

A  key  contributlcn  to  this  area  has  been  the  concept  of  the  sequential 
extraction  of  elements  frcw  sediments  developed  by  Teesler  aid  others  at 
INRS,  QiWiec  (le.,  Tessler  et  al .  1979).  H>  have  exploited  and  modified 
this  concept  to  develop  a  sy9t»wi  in  which  a  volume  of  cmtamlnated  sediment 
la  gently  mixed  with  water  and  subjected  to  a  continuous  through-flow  of 
MBter  at  a  controlled  rate,  toi^^erature.  pH,  and  Eh.  the  aqueous 
extraction  of  the  contaminant  frcni  sediment  is  followed  by  analysis  of  the 
exit  *Mter  for  changes  in  ccntamlnant  concentration.  A  sketch  of  the 
syetem  is  given  In  Figur«  6. 

The  data  from  such  an  experiment  are  presented  in  the  form  of  a  plot  of 
fraction  of  contaminant  remaining  as  a  function  of  laboratory  time  or 
volme  of  water  passed  through  the  systei,  as  shown  Illustratively  In 
Figure  6.  From  the  model,  we  believe  that  It  is  possible  to  define  an 
equivalent  volunetrlc  rate  at  v4ilch  leike  water  Is  ewposed  to  a  given  volune 
of  sediment  in  a  natural  situation.  This  exposure  is  due  to  pore  water 
diffusion  and  sedimentation/resuspension.  Olven  the  volumetric  rate  of 
Hater  to  sediment  exposure,  we  can  then  calculate  the  lake  time  Milch  is 
equivalent  to  the  laboratory  time.  For  exanple,  a  mass  of  sediment  may  be 
exposed  in  the  laboratory  in  one  day  to  contact  with  10  litres  of  water. 
In  the  lake,  diffusion  dictates  that  the  same  sediment  mass  is  effectively 
exposed  to  0.1  litres  of  water,  the  lower  volune  being  due  to  the  sluggish 
diffiislonal  regime.  Alternately,  in  the  laboratory,  it  Is  possible  in  3  or 
4  days  to  simulate  the  estposure  of  the  lake  sediment  to  water  for  J  year. 
Wb  cwi  thus  use  the  laboratory  system  to  "accelerate  time"  and  probe  the 
likely  future  behaviour  of  sediments,  le. ,  hoM  fast  they  will  be  depleted 
of  contaBLlnant . 

Particularly  Inportant  in  this  experimental  eituatlon  is  the  facility  to 
alter  exposure  conditions  and  to  examine  how  changes  In  pH.  tf^nperature.  or 
Eh  will  affect  the  mobility  of  the  contaminant.  In  terms  of  MDlra  Lake,  we 
suspect  that  redox  potential  plays  an  iifportant  role  in  ccntrolling  arsenic 
nobility. 
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We  have  conducted  several  experiments  with  this  apporatas  uslrig  sedlneiita 
and  water  from  Beiid  Bay  ami  the  weat  and  east  baslna  of  ftoira  I^lre.  In  ttie 
experlmenta,  we  have  manipulated  Qi  conditions  to  simulate  ttte  passage  of 
vwll  aerated  water  through  axle  sediments  and  water  with  minimal  cocvy^" 
through  affxwlc  sediments.  The  water  samples  frcni  tliese  experiments  are  rcw 
being  analysed  for  their  arsenic  content  by  means  of  graphite  furnace 
atonic  absorptlcai  spectrophotcmetry. 

we  ar»  optlailstlc  that  the  technique  will  prove  to  be  valuable  for 
elucl<btlng  the  behaviour  of  arsenic  In  Molra  Lake  and  of  other  organic  and 
inorganic  contaralnants  vdUch  cause  an  "In-place"  pollutant  problem. 

Model  DevelctiBent 

It  Is  too  early  to  provide  mecningful  results  for  the  model,  but  It  Is  of 
intereet  to  describe  Its  general  structure  and  the  cMpected  results. 
Figure  7  shote  the  Important  processes  and  segmentatlan  of  hydrologlc 
units. 

The  model  Is  segmented  into  Bend  Bay,  West  Basin  of  Mslra  I^ke,  and  Bast 
Basin  of  Molra  Lake.  W^ter  floMS  Into  Bend  Bay  are  defined  fron  hydraulic 
records  takoi  upatrean  by  E^ivlrcnnent  Canada  en  a  mcvithly  basis. 

Because  of  the  widely  differing  physical,  chemical,  and  seasonal 
characteristics  of  natter  suspended  in  the  water  colurm,  characteristics 
that  affect  arsenic  movement,  we  recognize  foiu-  size  classes  of 
particulates  In  the  model.  The  claeses  are  functicnally  defined  by  mesh 
and  filter  sizes:  >H0  i»b,  110-20  vn,  20-1.2  vm,  and  1. 2-0.45  im.  These 
classes  corre^prmd  to  zooplsiktcxi,  nst  phytoplankton  and  particles  >lOO 
mesh,  nantCFplanktan  and  particles  <400  mesh,  ultraplanktcai,  and  finally 
bacteria,  viruses,  and  large  colloids.  Arsenic  found  In  the  water  that 
passes  the  0.45  im   filter  Is  considered  dissolved. 

A  mass  balance  for  each  type  of  suspended  sediment  Is  defined  for  each 
segment  on  a  monthly  basis  aind  Includes  terms  for  sedimentation,  formation, 
degradation.  Inflow,  and  cutfloH.  Rates  of  dlffuslcn  for  dissolved  arsenic 
are  alao  defined. 

Because  of  sediment  focussing  processes,  we  consider  diffusion  and  sediment 
resuspensicn  to  occur  frcn  sediments  where  the  water  column  depth  is 
greater  then  the  mean  depth  of  the  segment.  At  present,  this  "active" 
layer  of  sediment  is  treated  as  being  of  fixed  depth,  but  It  Is  envisaged 
that  a  model  Including  vertically  layered  sediment  will  be  developed.  In 
this  model,  there  will  be  the  capability  of  modifying  sediment  redcoc 
conditions  and  thus  sediment  pore  water  equilibria. 

The  model  calculations  involve  nunerlcal  Integration  of  two  differential 
equations  (for  water  and  sediments)  with  periodic  printout  of  prevailing 
conditions.  In  many  respects,  the  approach  taken  is  similar  to  tliat  of  the 
QHASI  lake  models  for  organic  contaminants  (I^ckay  et  al . .  1983)  In  i^lch 
fugaclty,  rather  than  activity.  Is  the  dominant  variable.  It  is  intended 
that  tie  model  be  run  to  treat  the  period  1850  to  1987  and  to  predict 
future  trends  in  water  and  sediment  quality. 


CoTciuBlcna 

Jin  eatperlmental  program.   Involving  field  and  laboratory  studies,  and  a 
Modelling  effort  teve  been  described  In  *4il<ii  the  general  aiiiB  are: 

(I)  to  iirprove  our  understanding  of  the  dynanlcs  of  arsenic  In  fresh  Mater 
lalns  In  general,  and  Mnlra  Lalce  In  particular,  md 

(II)  to  provide  a  euccesgful  specimen  or  "case  study"  In  which 
envlrormental  and  laboratory  data  are  synthesized  In  the  form  of  a 
model  to  provide  the  Ministry  with  a  clearer  picture  of  the  severity 
of  the  present  conditions,  the  ilkely  magnitude  of  changes  in  the 
future,  Sid  the  benefits  and  costs  of  r^ndlaticn. 

It  Is  envisaged  that  the  project  will  be  coopleted  In  mld-198B. 
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Figure  1.  Location  of  study  area. 
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Figure  2.  Observed  and  predicced  loss  of  arsenic  (as  As-74)  froa  Che  water  column 
In  lake  enclosures. 
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Ftgure  3.  Obaerved  and  predicted  desorption  of  arsenic  (as  As-74)  from  sediments  into 
Lhe   wacer  column  in  lake  enclosures. 
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Figure  4.  Observed  and  prediccsd  loss  of  arsenic  (As-74),  cln  (Sn-L13)  and  mercury 
(Hg-203}  from  the   water  column  in  lake  enclosures. 
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Figure  5.  Observed  and  predicted  deaorpclon  at   arsenic  CAs-74),  cin  (Sn-U3)  and 
zinc  (Zn-65)  from  sedimencs  into  the  water  column  in  lake  enclosures. 
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Figure   6.    Illuatrnt Ion  of    the   method   used   to   study   sediment-water   exchanf^e 
of    arsenic    by    aiiueons    extcactlon.    A.    Flow-tlirougli    system   used    to    con- 
tact   sediment    wltli  water   under   controlled   conditions,    B.    Depiction   of 
results   obtalrieil    from  aqueous   extraction   experiment    in   which   time   and 
water    volume   used    In   the   laboratory   are    related   to   that    In   the    lake. 


Bend  Say 


Holra  Latta 


W'eac    Basin 


Ease    Basin 


Wacer  Inflow 
Q       Parcicle  Inflow 

■  0 


u.. 


-^ 

■^  ^ 


Particle  Formacioa 
Parcicle  Decomposlclon 

0   Particles  In 
r   equilibrloia 
■   with  water 

Sediment      Diffusion 
Resuspenslon  Deposlclon 
A    Bio- 


turbatioQ 


iiiii 


U 


'V 
Sediment 

Burial 


Water  Outflow 
Particle  Outflow 


Parcicle  Categories 

9  >  110  um 

/  20  -  UO  um 

-  1.2  -  20  um 

■  .45  -  1.2  um 


PUpip 


isa4 


f 


Figure  7.    Segmentation  of  hydrologic  units  and  proceiaei  used  to  laodel   che  otovemenc 
of  arsenic   in  Moira  Lake. 
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METIIOUS 

Sed 1  welt     col  1 c  c  t  ton 

SpJlment  s.imptps  upre  rallctiterf  In  L.iki-  Ont.irlo  it  llnmbi  r  Bay  (HttE 
•  t.itlon  '335,  depth  I  Sm ,  Fig.  I)  and  inner  Torontn  ll.irbour  fHOE  xt-itlon 
11355,  drplh  H.Sm,  Fl  r  .  2).  .ind  .it  slfn  llsf-d  In  T.Tbir  I,  (Flgur*-?!  I- 
4). by  Ponnr  s.nmp  I  p  r  ,  .i  nd  t  r.»  n  s  f  e  r  rpd  to  Ilnson  (.irs  flllpd  to  m.ixlnnim 
rap. T  city.  The  jars  were  tightly  capped,  and  stored  .it  '•'^r.  In  the  d^rk 
until     further     usp. 


rrepar.i  tlon    of    teat    w p d  1  u m  * 

Thtf  revised  an.ierobli:  mineral  nedlum  (RAHIl)  used  in  ttiln  ntudy  was  th-'t 
ttescrlbtd  by  Shelton  and  Tledje  (I1fl4a);it  contained  varlniis  wltamtnn, 
Mtnerala,        rudoif        Indlc-ntor,       buffer,     and       n        reducing       -'RPnt.  It  ungate 

technliiue  ind  apparatus  uer"  used  to  sparge  with  I OT  O,  -  90t  Nj  ga^ 
mixture  which  u.is  pisseil  through  coppt-r  ftlllngs  it  3nn"c  to  remou- 
tr.icrs  of  oKygpn.  All  methods  for  jnitroblc  g.is^in^  of  hottli-a  and  for 
prepiiraCion  uf  oxygpn-frnp  gases  werp  pssentlally  tliosc  nf  llungatf 
(llungote  ,     ll&B)  . 

"Feeding    expu  r lw*n ta" 

October     nflf.     Sainpl  Lng     (Tabic     l> 

Fl  Vl?  hundred  ml  of  the  collrrtPd  stdlmint  t  r  ana  f  r  r  r -d  1 1>  3-L  Rrlenmryrr 
flasks  Wiis  niiappnded  In  XAMM  In  a  1:1  ratio.  The  fliaka  were  sealed  with 
thick  butyl  rubb-r  stoppcri.  The  stoppers  wfre  BfcUT-td  In  plan-  with 
tape  and  equipped  ulth  a  needle  attached  to  Nalg-ne  tiihtnt;  tripped  In  a 
test  tube  flllid  with  w.ittr  to  mi  1  n  t  a  I  n  a  t  noa  ph'!  r  I  c  preiiur-r  In  the  hi-. id 
space  of  the  flasks.  The  stihatr^ites  1-CIB7. ,  J-RrW7. ,  and  J-tRZ  were  added 
to  the  Sediment  slurry  In  llip  flasks  at  n  J  00  iigC/ml  {I  MM  mlrrograms  uf 
carbon    In    auhstrate    per    nllllllter    of    total    volume).     This       concentration 


WIS  iIl-  li-  tin  in.d  i  ii  |i  r  ■'  I  i  m  i  .1^  r  y  1  >.  p"  r  I  iir  n  I  s  is  t  lit-  i^ns  I  -^n  I  t  ili  I  <>  on-  . 
Inciib.itlon  was  citrl-.-d  out  in  t  !u  it.irk  it  room  t  f  rap-_' r  .1  t  >i  r?  .  Siibstr.itc 
d  t  s  ippr  .1  r.incc  uiis  mon  i  t  01  cd  by  II  PLC;  s.imp  I  r  s  for  IIPI.l.  ,111  •  I  ys  t  <^  were 
withdrawn  at  rc){ul,ir  time  inCcrv.ila,  pjascd  tl>roiigl>  j  Hllllp.ir"  0.45  km 
d  1  spoB.-ible        filter       und       stored     at     -lO^C  until         in.ilysis,        Uitce       1  o  t  .1  I 

subsifiite  depletion  OLCurrvd,  .is  shown  by  HPLC.  SOI)  ml  uf  ttir  slurry  wis 
susprnd«d  In  fr^sh  RAIIM  and  cnrlchrd  witli  100  ugC/ml  of  clif^  s.-inr 
substr.-tte.  Strlcl  an-icrubic  tt;  cliii  Iqti-s  were  -idlierfd  to  during  tlie 
c  X  pe  r  L«en t . 

Ju  ly     \<tfiJ     s.Tinpl  Ing     (T.ible     1) 

I'h'.-  Bcdlvent  from  e.icli  site  una  suspendi^d  In  KAMII  19  d  tr  s  <- r  1  b'-l  ibove. 
The  substrates  1-C1IJ7.        md        1-BrBZ       uer^        teste'!  .it  10')  ugC/ml 

conr  cnt  r.i  t  ions  with  .lodlmcni  from  f.ich  of  thr  sin  sites.  In  this  study 
!)-lBZ    was     not     Included.     Subatrdtc     d  1  aa  ppp-i  r  ance     wis     monitored     by     UHLC. 


Cross    ^    Ace Ilwa  t  ion     Lxpi  r 1  men ts 

To  Flflsks  contuinlnK  rt  p^ii  t  vd  I  y  enriched  sedii"  nt  .ilre-idy  .'rr  1  1  m  t  t^d  tn 
.1  nonoh.ilogen.ited  subsCriite,  as  conflm^d  by  MPLC,  were  >4dd«d  ino  iigC/ml 
of  .1  polyhalogi^n.-iL^d  substrate,  1,S-<llclilorob(n?ol<  acl.l  (1,5-diCIH/:)  or 
ft-.in.ino-3.5-dirhlorohcnEolc  ncld  (li-Nnj-l.^-dtClB/:),  The  proRr-ss  of 
substrate     rllB  jppea  r  .mce     was     followed     by     lirLC. 

Fr  pp.i  ra  t  ton    of     t  e-s  t     bo  t  t  lea     for     total     g.is     produc  t  Ion    w   1  sn  r'-'weri  t 

Slurry       wns       prpp.irrd        uslnit     anaerobic     t 
t'hfjtan       aoriiM    bottl<3     (IbO    ml     cipmity) 
and        50    nl     of     spdlmunt     slurry.     After     24 
battle    W.1S     '?qultibriitcd     Co    ntMOsphpric     p 
.1       needle.     The     followln>'     test     ronpounds 
C/nl,        100    ug    C/nl      ind     2U0    u^    C/ml:     l-Br 


(ItZA),     phenol,     cresol,     1,5-dlClBZ.     411  j-T 


lb 


control),  Autoclaued  (  ]6  islnutes,  10 
control  bottles  ront^lnlng  50  ■!  of  alu 
included.  The  bottles  U"re  Incubated 
compounds    were     tested     in    duplicate. 

Frep.ira  t  Ion    of     subst  rates 
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M-j.isurfcmen  t     of     ga3     product  ion 


Tot  ii  1    gas    by    prcasur-    t  r  ansducer 

Tol.ll  K'lS  production  (CH^  md  CO^)  w.is  ■t.isuroJ  by  ,■•  pressure  trans  lur-r 
equipped  with  a  llanlltun  ualwc  and  n  V-i  ad  ,1  p  t  e  r  ,  BoE  I  1  i-s  iii~r?  vpnted  lo 
itmospherlc  pressure  after  ench  «e.iaur4ment  In  order  10  ivold  cumul.itlwp 
K.iB  pressures  beyond  the  responai  range  of  the  P-t-  idnpt^r  capible  of 
mensurini^  up  to  50  ml  of  gas  pressure.  The  prcflnure  transducer  was 
connected  to  .1  d  1 »;  1  t  1  1  multtnieter  and  puij<>r"d  by  a  12  Volt  solid  state 
regulated        power        iiupply.         The     aultlmrter      response         (In        mllliohms)        was 


rtlolcd  to  wIMillli'rn  <il  i;  .is  1>v  im.ins  of  i  slindnril  i-iri'.'  consiriiclnl 
hy  Adding  known  (^  u^tn  C  I  t  Irs  of  CIItN^  B"*  '  *>  ■'  sr-rnm  hott!"  r  on  t  ■>  I  n  I  n^ 
100  ml  of  RA'IM,  Nfl  )ii:t  prf^rtiutlon  uis  r  n  I  c  ii  I  .1  C  rd  by  -^ti  h  t  r -i  c  t  I  nR  ri-: 
(iroduccd  in  un.iutoc  1 .1  vcd  control  bottles  from  th.it  produr-^d  In  t"St 
bot  t  les  . 


fU'  tliane     by    g.is     chromatography 

Ml?  thane  prudurtlon  was  rmifirmi-d  by  injffcllnft  >  uL  '>f  hri((«|.  irp  R.-iS  from 
flerniR  bottles  into  .->  g.ia  c  h  ron.i  t  o^r  a  ph  or^ulpped  with  n  fl-tmf  tnnlxntlon 
dctpctor.  The  g.ifi  cliromatot;r.ipli  (V.irlan  170U)  u/tn  c.illhr.it'"d.flf!»  knoun 
imounts  of  Cll^  r,ns-  '^n  nquntlon  for  thp  nt.-indird  curve  wns  derlvrrt  by 
lln?at  rcRr-!8slon  in,ily<![9  An<\  the  loefflrlent  of  corr'-lntion  for  tMe 
curve  wns  calcul.itFH,  Anotint  of  mrth.-tn*  gris  wis  qu.mtlflerl  by  nr-nns  of 
tht  BCanH.iriJ  curve  ei»itlon  ind  de  gr  id  it  t  1  on  wna  expreas-ft  -1  b  percentage 
of       throretlcal       methane       production       bdB«d       on       the       s t o Ichl one t ry  of 

deg  r  jda  t 1  on . 


Calcul.Ttlona 

The  tot. I  I  g.is  prodiirci]  u.is  illvlded  between  COj  *nd  Cll^  bjfleil  on  the 
s  Eo  t  chloMK  t  ry  nf  lh>^  reaction  uhlch  can  be  catrol.ited  hy  the  Bnsuell 
equation     (Tarvtn    and     Bnswell,      19I&): 

ah  nab  nab 

■^n'U'^b     +     1"     -     -     -     -IHjU    -->     I-     -     -     +    -ICO;     ^     I-     ♦     -     -     -ICII4 

4  2  3  H  4 


n 


22.6        I  /mol  )  ;  theorct  1  r  .1  I     CII4 

1/mol).        Th;oretlraI        p-'rccnt.igr     or     t.iij 

volume       was     calculated     as     7A.4Z,     and     almtlnrly, 

waa     caiculjited     as     2^.5Z. 
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High     prcsaure     liquid    chrom.i  t  oernptty 


Roll     tubes 


Autocloved  (10  nlnuti-a,  10  1b<i,/aq.  In.)  roll  tubes  (RAriM  +■  3t  agnr), 
with  a  ha  1  ogfn.i  t  ed  compound  (T-BrRZ,  ]-CIBZ,  or  3-tllZ)  t  nc  or  po  r-t  t  etl  .it  a 
1 UO  ugC/nl,  wen-  prt-p-tred  using  1  Bellco  tubi?  apinn-r,  ipid  tnorul-nttrl 
with       O.Jnl       of     ten-fnlit    dtluttons    of     slurry       obtained        from       enrichment 


•-it-  js^r*- 


•■••56»»-»«»'*- 


rlitiks.         Strict         .mi  i  r  ob  i  c      lechnlmn'     u.is     dilli-ri-cj      -o      is      In        tin  i    isr        of 

pri|>jring        liquid     rniMll.-i.      tnaculatcd     tubes     uero     inciib.it--<l     In     ttip  <l^rk        iL 

[oom  tempL'r.ittir*^  or        in       3        )7     C  Incubator  (Hn^nlger,  pi-rHonnI 

rommunicitlon;     lUmijiit.?,     10f)9>. 


il  t  c  1  OS  c  opj> 

Colonlua       groulni^        In        toll     tubes     wt-re     picked       wltli 
pipette,        «iiBpenii-,tl        In    .»     drop    of     b  t  e  r  11  r     wat^r,     ind 
d);jr       drop       teclinUpie        (lloenlycr     and     II     id  Ley,     \9b'^  ) 
|i  reparation    of     slides     for     phase     conlrast-mlrrusiopy. 


'1       s  1 1'  r  1  1 1'        PdS  t  eiir 

V.T.im    stdlnc-l.        Ttir 

was       tisfd        for        th« 


RtSULTS 


C.)  s     produc  1 1  on  . 

No  significant  .imounts  of  g.is  were  produced  hy  tli^  scdimrnt  orf;.inl»ms 
coll»cteil  In  number  U^y.  In  fact,  ull  test  cDnpournts  stiowil  lourr 
.imounts  of  gas  prodiic-d  tti;in  unautoc  1  a  vi^d  conirol  br»itl-s  (T;ib|p  2,  Fig. 
5).  On  the  olhar  hand,  posltlvt*  control  botClrs  ( i- ont  .i  i  n  I  hk  rthinol) 
showed  signlficMit  (;9s  production  but  only  at  substr.itp  cunr -n  t  r  .^  t  I  oiis 
>30  iig  C/mI  (T.ible  2).  Sediment  organisms  collect  L'd  fit  ttie  Toronto 
tl.irhour  site  shoued  positive  gas  production  for  all  siibstritrs  tested 
( Tabic     2,     Fig.     h) . 

G.ia    chroma  t  ogtapLiy  . 

11^  (in        Ixf  ;id  Bp  I  c- 

che  f  o  1  1  o>'l  ng  rs'iii 
ht  )  ;  Uisl  ,  n(no  pe 
Ing  I i  nc  for  t htse 
rt'  9  i-n  I  H  t  he  pt'.i  tc  hr 
coeffirlpnt  of  rorr 
li  t  c  h  1  nd  i  (  ii  C  c  s  .1 
U1S     possible     to     det 

peal;        he  I  g  h  t        u,is 
mcd     .T     rertiln     fract 
.     Anoun  t     of        <JII^       ( 
oduc  t  I  on    of     Cll,^       ex 
(determined      from        I 


II  t  tjh     pressure     1  1  qu  1  il     c  h  r  oma  togrii  phy 


tJ t:  t  o b c  r      1  986     9  J m p  1  Ing 

AnHlysls  of  KPLC  simplis  frois  Toronto  Harbour  and  lUiinhcr  R-iy  sites,  bo'h 
bislc  and  enriched  cultures,  rewejied  suhstrao  d  1  s  i  ppe-ir -inre  patt'-rna 
as  shown  In  Table  U  .  IIHLC  results  further  Indic  iCeit  a  re  I  i  t  1  ons  h  1  p 
between  test  conpound  disappearance  and  love)  of  benzoic  i  c i d  (Figures  7 
to  10  ).  in  gener.tl,  js  a  substratt  w.is  dag  r  ide  d  ,  t  lie  concentration  nf 
benzoic  acid  first  Increased  and  then  decroased  is  thr  siibstrtte  b^canc 
depleted.  II PLC  also  showed  the  prtsence  of  sn.ill  amounts  of  accumul.itlnK 
Intrrmedlates,     other     than     benzoic     acid. 
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July     19;i  J     a.impl  i  ni; 
P  r  r  L  i  m  1 11  a  r  y     r  t  a  u  1  la 
A  f  t  f  r         R        wreks        of 
depletion  tlfil 


Inctihdtloii     In     tlip       prrB^nrr;       of         I-CHIZ ,        suhstr.'ti 
not        Qcfiir        for     uny    of        tlir        sites. 


depletion  d  I  it       not        ocrnr        for     uny    of        tlie        sites.        Ilowi-vcr,        per1im"iit 

collected  st  3  of  tlie  s  i  t  .■  s  .  A?;hbrldgr»  Hay,  lluwh^r  Biy  (M(1F,«M55),  inrt 
Toronto  Harbour  (MOE'IIM),  show-H  pnrclal  subfltrat?  ttrplftlon  nfter  1 
veeks  of  Incub.itlon  In  the  presence  of  3-Brfl7, .  Mor.'  tlat;i  iHII  be 
Aviillflble    -It     a     later     <1.tCe. 

Croas     -    Ace  1  Iw'  t  Ion    F.xpe  r  liin.'»t 
Pretlwln.ity     R  e  s  u  1  t  s 

OrKanlHms       r-nrlilied     from     llumber     Bay     scdlnent,     and     a(:cllin.)tcd        to       3-BrRZ 

after        several     successive     aiitlltions     of     3-BrBZ,     Wf  re  able        to       cowplrtely 

(tei-rade        tite        suhstr.iCu.     These     or^-mlnms     then    were  nble        to       conplctely 

deplete        100       ur    C/ml        of     ■J,5-.11C1BZ    witbln     1    cfnys.  Orj-nnls-is       enrlcbt-d 

froM       Toronto       Harbour       sediment     and     .iccllnated     to  1-C1B7,       exhibited        .i 

faster  rate  of  '1,5-dlCllir,  depletion  than  tboae  from  Hunber  Hay  sedlMent. 
Nore     diita     will     be     available     nt     a     later     date. 

Crowtii    on    Kol  1     tubes 

Tubes  Incub'ited       at        37''c       exiilbltcd       Eroutb        ( t  r.i  ii"»  pa  r  »>  n  i  colonies, 

approKlnnCcly  U.lmm  in  diameter)  after  2  d.-iys  for  all  three  substr^tt-s 
(3-IDy. ,  3-ClB/'. ,  1-lltBE).  Tubes  luciib.iterf  at  room  temper -iturt?  shoued 
groi'tli  (  transpnrent  colonies,  approKlnntely  O.Imm  In  diameter)  aft<r 
three    to    six    weeks    (for    all     three    substrntes). 


Microscopy 
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roll  tubes,  -ind  of  suspensions 
ottlsa,  reve.iled  Cram  negntlvr 
til  and  0.3  to  0.7  i>m  In  width, 
olnr  granules.  A  number  of  Crim 
Grim  positive  rocrl  (O.fi  um  to 
sltlvi>  rods  were  present, 
op  preparatlc'iis  revealed  rods 
nnd  0.6  um  In  width.  Some  rods 
on  3  to  6  per  cell.  A  few  rods 
ved  snd  arringed  In  pairs.  Tn 
Harbour  site  rods  predomina  t  "-d 
froB  the  llumber  Bay  site  the 
t rt buted. 


DISCUSSIUN  AND  CONCLUSIONS 
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iiltB  Imply  that  (i)ln  order  of  prrft  rente,  1- 
ob'-nKoic  acid  and  l-chlorobpniolc  arid  can  br 
by  Lake  Ontario  sediment  orranlsms  with  a  I  .->  g 
10  upcks;  (ll)the  blodcgradatlon  Is  carried  out 
turn  of  nlcroorganlsms  charartprlied  by  a  high 
t  1  ve  rods;  (lli)the  bl  ode  k  ra<l  a  t  I  on  probably 
dch.1  1  ogcna  t  ion  pathway  with  h-n^^olc  ncld  as  a 
Toronto  Harbour  sedlnent  m I c roo r gan I sms  have 
potential  than  thone  prcBcnt  In  M umber  Bay 
)cro9S-accllmatlon  can  leail  to  the  degradation 
B  . 

be  to  Isolate  and  cultivate  rhe  consortium  In 
ble  use  of  such  a  comHtaboM?:lng  romm unity  In 
This  appcoaL-li  would  provide  in  .ilmost  natural 
on  of  Industrial  wnatCB  prior  to  their  release 
ms.  Later,  it  may  be  poBslhlt  to  Isolate  and 
(s)  Involved  In  the  dehnlogenatlnn  process  for 
Ilc.itlons.  Th^ae  approaches  t>ouId  especially  h" 
ailatlon  of  more  coiapIeK  compounds,  such  as 
,  or  PCO's.  A  long-range  objrciiv.?  would  be  to 
a  to  a  kinetic  model  In  order  to  predict  the 
nt     cont  amln.ints     In     Lake    'Intnrio     Bcdlments. 
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Table  1:  Scacion  locations  for  the  1986  and  1987  sedinent  collection  along  Toronto 

Waterfront 


Site  Location HOE  No.    Date  of  Sediment  Collection 

Humber  Bay  ( STP*out f al 1 )  '   332       July  1987 

Humber  Bay  335       October  1986 

July  1987 

Toronto  Harbour  1355       October  1986 

July  1987 

Toronto  Harbour  (near  Keating  Channel)    1375       July  1987 

Aahbridgea  Bay  (Main  STP*outfall)  A       July  1987 

Eastern  Beaches  (R.C.  Harris  Filtration   2216       July    '  1987 
Plant  intake) 


*  STP:  Sewage  Treatment  Plant 


Table  2:     Cumulicive  total  ^as  production  as  measure il  by  pressure 
trans ilucer  (1986  sanpllng) 


Site: 


Kumber  Bav 


Tor  on  to  Ha  r  bou  r 


Subscrac* 


1      2 
t  i  me  cone   cone    vo 1 


vol 

(ml)  (d)   (ug  C/ml) 


I      2 
t  ime  cone   cone 


(ml)  (d)   tug  C/ral) 


i-NH^-a.S-diClBZ 

3.5-dlClBZ 

3-ClBZ 

3-BrBZ 

3-182 

BZA 

Ethanol 

Phenol 

Cresol 


negative 

negative 

negati  ve 

negac  i ve 

negative 

8 

70 

50 

negative 

26 

85 

200 

25 

50 

negative 

30 

70 

200 

25 

50 

negative 

30 

72 

2  00 

50 

35    80 

200 

25 

33 

60 

200 

25 

50    80 
20    50 

200 
2  00 

25 

not 
not 

tested 
tested 

vol:  aaxlmum  net  gas  volume  produced  (net  gas  volume  was  obtained 
by  subtracting  volume  produced  in  unautoelaved  control 
bottles  from  that  produced  In  test  bottles) 

d:  the  number  of  days  of  incubation  needed  Eor  maximum  net  gas 
volune  to  occur 

ug  C/mi:  micrograms  of  carbon  (substrate)  per  milliter  of  slurry 
+  RAMM 

cone  :  concentration  of  substrate  at  which  maximum  net  gas 
production  occurred 

2 
cone  :  concentration  of  substrate  at  which  gas  production  was 

not  detectable 


I 


Table  3:    Production  of  methane  as  ^neasured  by  gas  chromatography 
and  its  relacinn  to  theoretical  methane  production 
(obtained  by  the  Suswell  equation) 


Test  Chemical    Site  Type  of    Methane   Methane  as  T, 

Culture    Volume    of  Theoretical 

(mi)      Methane  Production 


3-IBZ  Toronto  Harbour  Enriched  Ub.O  i9.7 

3-IBZ  Toronto  Harbour  Enriched  42.3  45.7 

3-BrB2  Toronto  Harbour  Enriched  34.1  36.3 

3-BrBZ  Toronto  Harbour  Enriched  40.6  4  3.9 

3-ClBZ  -Toronto  Harbour  Enriched  6.3  6.8 

3-C1B2  Toronto  Harbour  Enriched  5.2  5.7 

3-IB2  Huaber  Bay  Basic  106.4  115.0 

3-BrBZ  Hunber  Bay  Basic  136.5  147.6 

3-ClBZ Humber  Bay Basic  108  ■  9  117.7 


Table    6:  De  gradation    of    substrates     In     terms     jf     [irefBrenc?    (most 

completeLv     degraded    substrate     first)    a'<    monitored     by 
high    pressure     liquid    chromatogriphy 


Site 


Type  of  Culture    Substrates 


Toronto  Harbour  Enriched 

Toronto  Harbour  Basic 

Humber  Bay  Enriched 

Number  Bay  Bas  ic 


3-BrBZ.  3-IBZ,  3-ClBZ 

3-Br8Z.  3-IBZ,  3-ClBZ 

3-rBZ.  3-ClBZ.  3-BrBZ 

3-IBZ,  3-8rBZ.  3-ClBZ 


LEGEND  FOR  FIi.;URES 


Fig-  1     Number  BaT  se-HmpnC  coMecCion  sites  along  Toronto 
Waterfront.  Sice  332  (1986  sampling)  and  site  335 
{1986  and  1987  samplingg). 

f'g-  2     Toronto  Harbour  sediment  collection  sites  along 

Toronto  Waterfront.  Site  1355,  near  marina  entrance 
(1986  and  1987  samplings)  and  site  1375,  near  Keating 
Channel  (1987)  sampling. 

Fig.  3     Aghbrldgea  Bay  sediment  collection  site  along  Toronto 
Waterfront.  Site  "A"  (1987  sanpling),  near  Main  Sewage 
Treatment  Plant  outfall.' 

Fig.  4     Eastern  Beaches  sediment  collection  site  along  Toronto 
Waterfront.  Site  2216  (1987  sampling),  near  R.C.  Harris 
Filtration  Plant  intake. 

Fig.  5     Met  gas  production  measured  by  pressure  transducer. 

1986  samling.  site  335(Htimber  Bay).  All  »alue3  showed 
negative  gas  production-  Cultures  were  incubated  in 
the  presence  of  (A)  4-HH  -3 . 5-d iCl BZ ,  (8)  3-ClBZ, 
(C)  3-BrBZ.  (D)  3-IBZ.   *^ 

Fig.  6     Net  gas  production  measured  by  pressure  transducer. 
1986  sampling,  site  1355( Toronto  Harbour).  Some 
substrate  concentrations  resulted  in  positive  gas 
production.  Cultures  were  incubated  In  the  presence 
of  (A)  3-ClBZ.  (B)  3-BrBZ,  (C)  3-IBZ. 

Fig.  7     Pattern  of  substrate  disappearance  as  revealed  by 

HPLC.  Analysis  of  1986  sampling  (site  1355,  Toronto 
Harbour)  cultivated  In  enriched  culture.  A.  Comparison 
of  the  three  3Ub.strates,  3-ClBZ.  3-IBZ.  3-BrBZ. 
B.,  C,  D,  Comparison  of  each  substrate  with  level 
of  benzoic  acid  (BZA),  d ehalogenation  intermediate. 

Fig.  8     Pattern  of  substrate  dlsappearane  as  revealed  by 
HPLC.  Analysis  of  1986  sampling  (site  335,  Humber 
Bay)  cultivated  in  enriched  culture.  A.  Comparison 
of  Che  three  substrates,  3-ClBZ,  3-BrBZ,  3-IBZ. 
B.,  C,  D.  Comparison  of  each  substrate  with  level 
of  benzoic  add  (BZA),  dehalogenat  ion  Intermediate. 

Fig.  9     Pattern  of  substrate  disappearance  as  revealed  by 

HPLC.  Analysis  of  1986  sampling  (site  1355,  Toronto 
Harbour)  cultivated  in  basic  culture.  A.  Comparison 
of  the  three  substrates.  3-ClBZ,  3-BrBZ.  3-TBZ. 
B.,  C,  D.  Comparison  of  each  substrate  with  level 
of  benzoic  acid  (BZA),  dehalogenatton  Intermediate. 
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The   Effect  of  Tile  Drainage  and  Ditches 
on  Peak  Flows  and  Dry  Ueather  Flows 
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Departaent  or  Civil  Engineering 
Queen's  Unlversltj  at   Kingston 

ninistrjr  of  the  Envlronsent  Research  Project   #152  PL 


ABSTRACT 

The  objective  of  the  research  described  In  this  simmary  paper  was  to 
Investigate  the  hydrology  of  the  agricultural  dr<ilnage  process  and  Its 
Impacts  on  the  land  phase  of  the  hydrologlc  cycle.  Statistical  tests  were 
performed  on  flow  data  In  an  attempt  to  Identify  trends  In  the  data  which 
could  be  attributed  to  the  4-alnage  process.  Additionally,  the  Impscts  of 
both  tile  drainage  at  the  field  level  and  ditch  drainage  at  the  small  basin 
level  were  considered  and  analyzed  through  the  use  of  a  physically-based 
hydrologlc  Rodel  capable  of  simulating  the  drainage  process  continuously 
through  the  frost-free  period.  Required  Input  Included  field  and  tile 
geometry  (field  length  and  slope,  number  and  spacing  of  drain  tiles,  depth 
of  tile),  sell  characteristics  (depression  storage  capacity,  depth  of 
ploughed  layer  and  depth  to  impervious  layer),  groundwater  parameters 
(saturated  hydrologlc  conductivity  and  cfalnable  porosity } ,  and 
Meteorological  data  (hourly  rainfall  and  aean  dally  temperature).  Output 
Incluled  soil  moisture  storage,  groundwater  table  height,  subsurface 
hydrograph  and  contribution  to  surface  runoff.  The  model  was  tested  and 
calibrated   on    two  fields    In  southeastern  Ontario. 


INTRODUCTION 

Overview  of  A^-lcultural  Drainage 

Agricultural  land  drainage  enhanuea  the  natural  drainage  proceaa  to 
recoowe  tfxcesa  water  from  rarraland,  thus  Increaalng  Ita  productivity.  In 
Ontario,  two  levels  of  agricultural  drainage  works  can  be  Identified;  tile 
or  ditch  drains  at  the  field   level,  and  minicipal   cV-alns. 

Tile  drainage  consists  of  a  network  (usually  systematically 
controlled)  of  clay  tiles  or,  aore  coowionly,  perforated  plastic  pipe, 
installed  at  a  uniform  depth  below  the  crop  root  zone.  Excess  water 
percolates  downwards  and  moves  under  the  Influence  of  yavlty  to  the  (i-aln, 
where      It      Is  removed   from   the    field   {Figure    1).  The  drains     effectively 

keep  Che  ground  water  table  below  the  root  zone,  allowing  aeration  of  the 
root  zone,  and  preventing  stress  to  the  crop,  in  addition,  the  tile  drains 
lower  the  spring  water  table  more  rapidly  than  would  natiral  Interflow  or 
evaporation  -  thus  allowing  the  faraer  access  to  his  field  for  earlier 
harrowing  and  seeding. 

Municipal  drains  are  either  new  or  Improved  existing  channels  which 
convey   the  excess  water   from  the  fleldo  to  receiving  creeks  or  rivers. 

Because  less  than  five  percent  of  the  total  land  in  Canada  is  suitable 
for  cultivation,  the  reclamation  of  cultivable  land  by  A-alnage  improvement 
will  continue  to  accelerate.  The  effects  of  this  drainage  on  those  rivers 
and  streams  that  receive  waters  from  *ained  areas  are  not  clearly 
un<fcrstood.  but  they  can  be  adverse.  In  particular,  they  may  include 
Increased  peak  flows  and  reduced  low  flows.  Increased  peak  flows  cause 
erosion  and  flooding,  and  downstream  lanctowners  often  demand  expensive 
flood  control  structures  to  restore  pre-*alnage  flood  levels.  Reduced  low 
flows     result   in   impaired  water  quality  conditions  and  downstream  users   may 
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Figure   I      Illustration  of   tile  *alnage   (Saedeu  et  al.    1983) 


deBumd  expensive  water  sLa'age  structures  to  Increase  low  flows  to  pre- 
dralnage  conditions.  Concerns  over  t>oth  these  efTects  has  resulti^d  In 
pressure  to  delay,  defer  and  cancel  drainage  projects.  However,  there  la 
no  general  agreement  on  the  hydrologtc  impacts  of  tile  drainage,  and  often 
cialns  by  both  proponents  of,  and  objectors  to,  (falnage  projects  are 
speculative. 

Because     of      the        lauk      of  understanding  of      the     overall      hydrologic 

response   to  agricultural  drainage,      there   Is  an  urgent  need   for  research   to 

evaluate  the    Impacts  of  drainage  and  for   Che   dissemination  of   knowledge     as 

It      becomes  available  to  assist   In  the  planning  of  drainage   projects     which 

are   technically,   environmentally,    and  economically  sound. 
•^ 

Objectives  of  th«  Study 

In     order   to  increase   the  understanding  of   the  hydrologic  behaviour  of 
Hie  (t-alnage  the  following  objectives  were  defined: 

perform  statistical  analyses  to  detect  the  effects  of  agricultural 
dr*alnage  on   peak   flow  and  dry  weather   flow; 

develop,  test  and  calibrate  a  physically-based  model  which  is  capable 
of  simulating  the  hydrologic  response  of  agricuitiral  drainage  on  a 
basin  scale; 

undertake   field  studies   to  calibrate  and  test   the  model;    and 

use  the  model  to  evaluate  the  effects  of  tile  drainage  and  open 
ditches  on  peak   flows  and  dry  weather  flows. 


STATISTICAL  AHALtSIS  OF  FLOW  TREMDS    IN   DRAIMEO  AREAS 
General   Approach 

The  use  of  trend  analyaia  to  detect  changes  In  the  hyd.ologlcal  cycle 
as  a  result  of  drainage  activity  requires  the  examination  and  comparison  of 
two  data  sets.  First,  streamflo-  records  with  a  sufficiently  long  period 
of  record  during  the  tfainage  activities  aust  be  located  and  then  analyzed 
for  tren*  in  flow  peaks,  low  flow  levels  and  diratlons,  and  other 
hydrologlcal  anomalies  which  might  be  attributable  to  drainage  activity. 
Secondly,  If  trends  sr^  found  (or  even  if  they  are  not),  a  comparison  of 
the  flow  series  should  be  made  to  some  index  of  tj'alnage  activity  with 
time.  Unfortunately,  this  latter  time  series  Is  somewhat  dlfricult  to 
derive.  Although  the  Ontario  Ministry  of  Agriculture  and  Food  maintains  an 
agricultural  resource  Inventory  which  includes  township  maps  detailing 
artificial  A-ainage  systems  (both  municipal  drains  and  tiled  fields  are 
identified),  these  maps  provide  only  one  point  on  the  required  drainage 
Intensity   index   time  series. 

To  minimize  the  unnecessary  expenditure  of  time  and  to  avoid  the 
development  of  several  *-ainage  Intensity  indices  which  may  not  be 
required,    the   researchers   adopted  the   following  approach. 

1.  Uncontrolled  streams  and  rivers  in  agrlcultiral  areas  having  a 
sufficient  period  of  flow  records  to  permit  a  trend  analysis  were 
identified. 

2.  If  a  trend  was  identified,  climatic  records  were  examined  to  Identify 
a  climatologlcai  trend  which  could  account  for  the  trends  In  flow 
records. 

3.  Drainage  Intensity  tine  series  would  be  developed  only  If  flow  trends 
could  not   be  accounted  for   by  cllmatalogical    trends. 


4.        The     drainage    Intensity   Lime  series  would   be   examined  to     determine     a 
causal   relationship  with   the   now  records  over   the   sane   ttae  period. 

following  an  examination  of  the  Historical  Summary  of  Streanriow 
Records  (Environment  Canada  ^*i6'i)  the  gauging  stations  listed  In  Table  1 
were        Identiried     as      potential     candidates     Tor     trend       analysis.  The 

staLlstlcal     analyses     concentrated  on  an  examination  of   two     time     series: 
summer  mean  daily   flows  and  hydro^-aph  recessions. 

Tabl«   1       Candidate  atatlons  for   trend  analysts 


ISC  Mo. 


Station  llaaa 


02FP002 
02FC001 
02HC009 
02G0010 
02CC002 
02GD008 
02GDO0t 
02F'e00l 
02GAO1  8 
02GA010 
02LB007 
02FBOO7 
02GG002 
02HA006 


Ausable  River  near  Sprlngbank 
Carrick  Creek  near   Carlsruhe 
East  Huraber  River  near  Plnegrove 
Fish  Creek   near   Prospect  Hiil 
Kettle  Creek  at  St.   Thomas 
Hedway  River  at  London 
Middle  Thames  River   at  ThamesTord 
Haitland  River  near  Oonnybrook 
Hlth  River   at  New  Hamburg 
Nlth  River  near  Canning 
South  Nation  River  at  Spencervllle 
Sydenham  River   near  Owen  Sound 
Sydenham  River  near  Alvinaton 
Twenty  Mile  Creek  at  Bails  Falls 


SiMiMer   Floy  Analysis 

The  examination  of  summer  flowg  Involved  the  periods  from  June  to 
November    Indus ive. 

Because  It  was  the  higher  flows  and  lower  flows  In  the  summer  period 
that  were  of  primary  Interest,  the  flow  data  were  analyzed  first  to  define 
the  mean  flow  and  the  upper  and  lower  quantlles  of  mean  dally  flow.  The 
number  of  days  in  each  year  with  flows  atwve  the  upper  quantUe  and  below 
the  lower  quantlle  flow  value  were  Identified  and  summed.  The  number  of 
days  of  high  flow  and  low  flow  were  ranked  and  a  Spearman  rank  order 
correlation  coerflclent  test  for  trend  was  performed.  The  Intent  of  the 
test  was  to  ascertain  whether  the  number  of  low  or  high  flow  days  was 
Increasing  or  decreasing  significantly   over   the  period  of   record. 

For  virtually  ail  the  rivers  tested,  a  significant  trend  was 
identified.  This  trend  showed  a  reduction  with  time  In  the  number  of  days 
in  each  year  with  flows  below  the  lower  quantUe  value.  Similarly, 
although  less  significant,  an  increase  In  the  number  of  higher  flow  days 
(flow   values  above   the  upper   quantUe   value)   was  noted. 

Trends  wltli  Precipitation 

Short  term  cUmatologlcal  changes  over  the  period  of  record  may  hive 
induced  trends  In  the  precipitation  volumes  which  would  affect  runoff 
volumes.  For  example,  a  positive  trend  In  precipitation  volumes  could  have 
led  to  the  observed  decrease  In  the  number  of  low  flow  days  with  time.  The 
Woodstock  cUmatologlcal  station  was  selected  as  a  representative  station 
In  southwestern  Ontario,  and  a  trend  analysis  was  performed  on  summer 
precipitation  volumes  from  19H6  to  1982.  A  Spearman  test  for  trend  with  a 
rank  order  correlation  coefriolent  indicated  a  significant  positive  trend 
over    the    period  of    record. 


This  bflef  andlysla  Indioales  that  the  Influencu  of  precipitation 
trends  on  streamf low  cannot  be  Ignored,  and  In  fact  the  precipitation 
variability  likely  maaks  any  other  more  subtle  Influences  on  streamriow, 
such  as  tile  drainage.  A  more  detailed  analysis  of  precipitation  trends  In 
the  London  area  was  perforned  by  Serrano  et  al.  0983).  Through  analysis 
of  3-year  novlng  averages  of  precipitation  amounts  and  streanflow  on  the 
Middle  Thanes  watershed,  these  investigators  demonstrated  "tlie  lack  of 
trend  of  struanfloH  with  tine  duo  to  any  muae  other  than  variation  in  oiean 
precipitation" , 

Hrdrograph  Reeeaalon  Analysis 

If  the  drainage  process  significantly  alters  the  watershed  storage  and 
transmission  elements  so  as  to  remove  water  acre  rapidly  from  the  land, 
this  impact  should  be  evident  in  the  recession  limbs  of  hydrographa 
following  rainfall  events      (Figure   2). 
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Figure   2     Hydrograph  Recessions  -  drained  versus  undralned 


To  analyze  this  efrect,  the  split  records  of  d.^lly  llowg  (first  half 
and  latter  half  of  the  period  of  record)  were  aubjected  to  an 
autocorrelation  analysis  at  lags  of  one  to  twenty-five  days.  if  drainage 
effects  were  significant,  flows  from  the  first  half  (less  *-ainage)  should 
exhibit  more  persistence  (i.e.  higher  autocorrelation)  than  records  from 
the  second  half,  because  of  shorter  travel  times  and  limited  system  memory 
in   the  drained  case. 

Following      this      analysis  for    the    rivers    In    Table      ?.      no     consistent 

significant       trend        for     the  rivers       under        study.        was        Identified. 

Autocorrelation     functions     for  the  Middle  Thames  River  at     Thameslord     are 
llluatrated   In  Figure   3. 


1965-1963 


Figure   3     Autocorrelation  function  -  Middle  Ihaaes  RI»er 
annual  rioH  series 


Trend  Analysis  Suowary 


Brief     comments     regarding      the  preliminary     work      performed     for      the 
examination   of   trend    In    the   flow  records  are  noted  as    follows. 


1.  The  findings  are  inconclusiwe;  either  the  effects  of  d-alnage  are 
secondary  or  they  are  compensating.  Effects  of  tile  versus  surface 
drainage  may  counteract  each  other  once  flows  enter  the  receiving 
stream,  and  changes  In  the  synchronization  of  various  runoff  peaks 
within  a  watershed  may  obscure  Individual  field  level  or  subbasln 
effects.  Finally,  Individual  runoff  events  may  behave  differently 
under  drainage  but  the  net  runoff  frequencies  and  volumes  may  be 
relatively   unchanged. 

2.  Any  trends  or  differences  are  easily  masked  by  larger  scale  physical 
or  cilnatologlcal  changes,  such  as  short  term  trends  In  precipitation 
voiunes  or  low  flow  releases  from  river  regulation. 

3.  Any  exaninatlon  of  flow  records  for  trend  Is  time  consuming  and 
expensive  in  nan  hours  and  computer  tim.  In  addition,  selection  of 
the  model  for  testing  is  difficult  because  the  actual  processes  and 
their  possible  effects  are  unknown.  Without  understanding  the 
processes,  except  for  general  conceptualizations,  it  is  difficult  to 
be  objective  and  to  establish  a  definitive  test  Identifying  trend  and 
its   causative  factors. 

t.  The  above  noted  item  can  be  extended  to  cover  any  trtntb  that  may  be 
identified.  Uncertainty  will  exist  In  defining  the  causative  factors 
of  the  trend  and  ascertaining  whether  it  Is  due  to  drainage  or  other 
physical   factors,   or  Is  an  artifact  of   the  data     manipulation   process. 

As  a  result  of  the  preliminary  analysis  for  trend,  the  need  to 
understand  the  cfalnage  process  at  the  field  level  on  an  event  by  event 
basis  was  reinforced.  Further  efforts  on  the  project  were  directed  to  the 
simulation  of  (Tainage  through  the  development  and  application  of  a 
physically-based   tile  drainage  model. 


FIELD  STUDIES 
Tha  Teat  Fields 

Tile  runoff  data  wa3  collected  fro™  two  test  fields  to  aaaiat  In  the 
development  of  the  ^del  and  to  provide  data  for  calibration  and 
verification.  During         1985     and      I986.         the      two      tiled      fields        were 

InstruMnted  for  rainfall  and  tile  discharge  (Flgtire  H):  the  I  H  ha  Leclerc 
Field  near  Ottawa  which  has  sandy  loam  soil,  and  the  15  ha  Napanee  Field 
near  Kingston,   which  has  a  clay  soil  overlying   limestone   bedrock. 


LECLEKC    riELD 
NAPANEE   FIELD 


Flgire   H     Locations  of  Instruaented  fields 

The  Leclerc  field  has  tiles  spaced  at  Intervals  of  16.8  metres.  A 
Stevens  type  F  recorder  was  used  to  monitor  the  water  level  in  a  collection 
tank  with  a  compound  V-notch  weir.  A  chart  recording,  tipping  bucket  rain 
gauge  was  located  within  500  m  of  the  field.  Hater  levels  over  the  weir 
and  rainfall  rates  were  recorded  continuously  from  Hay  1985  to  November 
1985  and  again   frora  May   to  December   1986. 
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Inatruoentatlon  on  the  Napanee  field  (Figure  5)  Included  a  coliecllon 
tank  with  a  compound  V-notch  weir  at  the  tile  outlet.  Water  levels  over 
the  weir  were  recorded  contlnuoualy  from  April  to  December  1986  wittj  the 
use  of  aStevens  A-71  chart  recorder  at  a  1 :  t  recording  ratio  and  a  speed 
of  6.0  cm/day.  Rainfall  volumes  and  rates  were  also  recorded  with  a 
tipping  bucket  rain  ^uge  and  a  continuous  strip  chart  recorder  (Weather 
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Figure  5  The  Hapanee  field 
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Measure  Corporation  Model  P'y?2).  Five  observation  weHs  consisting  of  (00 
mm  ABS  pipe,  sleeved  In  Tllter  fabric  were  Installed  to  allow  periodic 
measurements  of  watertable  elevation.  A  summary  of  the  larger  rainfall 
events  recordea  on   the    two  test   fields    is   presented   in  Tables   ?  and   3. 

Table   2        Sumnary   of  stora  events  -   Kapanee  Field 


Date 

Rainfall 

Tile  Runoff 

Peak  Tile  Flow 

Surface  Flou 

(1966) 

(mm) 

(mra] 

(nVs) 

(mm)> 

Apr      15-21 

23-1 

13.* 

0.0038 

0 

Hay      19-23 

89.8 

31.7 

0.0117 

18.2 

June    11-16 

71.1 

28.7 

0.0121 

3.5 

Aug      15-18 

19.0 

0.6 

0.00t)3 

0 

Sept    10-16 

90.1 

35.8 

0.0122 

13.2 

Sept    22-28 

36.  U 

22.8 

0.0122 

3.5 

Sept    29-06 

56.8 

36.1 

0.0118 

0 

Oct      12-16 

22.0 

11.2 

0.0063 

0 

"   simulated 


Table  3       Siaanarj  or  stora  events  -  Leclero  Field 


Date 

Rainfall 

Tile  Rinoff 

Peak  TUo  Flow 

Surface   Flow 

(1986) 

(mm) 

(mm) 

(mVs) 

(mm)" 

May      19-21 

15.1 

7.1 

0.0056 

0 

July  03-08 

10.9 

2.5 

0.0029 

0 

Sept    23-26 

12.2 

2.7 

0.0011 

0 

sept   29-07 

50.0 

22.5 

0.0119 

0 

Oct      12-18 

19.3 

11.1 

0.0102 

0 

Oct      26-30 

26.3 

6.1 

0.0075 

0 

"simulated 
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Field  Studies  Prograa  -    Hapanee  Field 

Tne  Napanee  field  tFlgure  5)  was  al30  the  subject  of  a  cooprehensUL' 
field  studies  pr-o^ao  for  the  deLerninatlon  of  the  rield's  physical 
properties.  The  topographic  survey  of  the  field  shows  It  to  be  gently 
sloped  In  a  north-south  direction  with  the  slopes  ranging  from  0.0006  to 
O.OOI  n/B.  The  limestone  bedrock  Is  not  at  a  constant  elevation  under  the 
field,  but  varies  in  depth  frora  approxlcnately  0.6  m  along  the  northern  edge 
to  approxlfflately  2.0  m  at  the  southern  end.  The  soli  Is  a  Lansdowne  clay 
(Gillespie  et  al.  I9t>3)  overlying  an  Ordoviclan  limestone.  The  tiles  are 
spaced  at    12.2  m  and  define  a   subsurface  drainage   area  of   5.01  ha. 

Soli  moisture  measurements  Ne'e  taken  throughout  the  summer  montha  to 
ascertain  the  Initial  soli  moisture  content  of  the  field  prior  to  rainfall 
events.  Bulk  density  measurements  were  taken  and  an  extensive  testing 
program  was  conducted  to  determine  the  hydraulic  conductivity  and  dratnable 
porosity  at  various  depths  and  locations  throughout  the  field.  Additional 
detail  on  the  field  neasureawnt  techniques  and  analyses  may  be  found  In 
Wnyte   (1987). 

Tests  to  determine  saturated  hydraulic  conductivity  included  the  auger 
hole  method  during  periods  when  the  water  table  was  near  the  surface,  and 
use  of  the  Guelph  permeameter  when  the  water  table  was  below  the  drain 
tiles.  In  addition,  under  saturated  conditions  with  the  water  table  at  the 
surface  of  the  field,  Hooghoudt'a  equation  for  tile  discharge  (Hooghoudt 
I9t0)  was  used  to  determine  an  integrated  field  effective  value  of 
saturated  hydraulic   conductivity   frooi   the   tile  drainage  system  performance. 

Average  (t-ainable  porosity  represents  the  maximum  water  available 
through  gravity  drainage  and  Is  the  difference  between  saturated  moisture 
content  and  field  capacity.  It  was  determined  directly  from  the  field 
drainage  data  following  a  method  outlined  by  Taylor  (1960)  which  Involves 
Integration     of     the     recession  limb  of   the   tile  discharge     hydrograph     and 
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rsLitinB  tht3  vottime  to  the  drop  in  the  groundw-iter  table  over  the  game 
tire  period.  This  field  technique  tends  to  Integrate  variations  In 
dralnable  porosity  which  could  arise  due  to  minor  differences  In  soil  type 
over   the   field. 

TILED   FIELD   SIMULATION    HDDEL 

Introduction 

TILE  l3  a  physically-based  model  designed  to  simulate  the  hourly 
hydrologlc  responses  of  an  agricultural  field  subjected  to  tUe  drainage. 
Processes  modelled  are  Infiltration,  filling  depression  storage, 
percolation  of  Infiltrated  water  Into  the  root  zone  and  the  lower  zone, 
groundwater  flow  and  evapotransplratlon  from  the  soli  surface  and  lower 
zone.  Algorithms  used  to  rerresent  these  processes  are  relatively  simple 
and  are  compatible  with  the  levels  of  accuracy  possible  in  measuring  the 
physical  characteristics  and   parameters  of  the  fields   being  simulated. 

Figure  6  Illustrates  the  syslenatlcaliy  tile  drained  field  which  TILE  la 
capable  of  (nodelllng.  Also  illustrated  Is  the  method  of  defining  an 
equivalent  tile  lateral  length  for  situations  where  the  systematic  drainage 
has  varying  tile  lengths.  The  model  Is  not  suited  for  accurately  irodelUng 
ranctam  or  dendritic  type  drainage  schemes.  A  detailed  discussion  of  the 
model   development  and   its  algorithms   la  given   by   Watt  and   Paine    (1987). 

Hodel  Calibration  and  Verification 

Using  Information  from  the  field  studies  progran  and  typical  ranges  of 
physical  parameters  from  the  literature,  the  model  was  calibrated  on  one 
half  of  the  available  events  from  each  field  and  verified  on  the  remaining 
events.  Calltratlon  concentrated  on  matching  the  observed  tile  runoff 
volume,  the  observed  peak  discharge,  and  the  time  to  peak.  Mater  table 
observations  were  not  used  because  they  wwe  not  taken  on  the  Leclerc  field 
and  were   not    performed    continuously    for   the   Napanee   field. 
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Figura  6     The  phyalcaX  systea  -  a  aysteMtlcally  tile  drained  field 
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Reasonably  satisfactory  results  Mere  obtained  for  the  fields  for  both 
the  volume  of  tile  discharge  and  the  peak  tUe  floM  (Figure  7).  Agreement 
between  slnwlated  and  observed  tile  flow  for  the  Leclerc  field,  with  Us 
rapldlyA-aining  sandy  loam,  was  somewhat  better  than  that  for  the  Napanee 
field.  The  recession  limb  of  the  tile  flow  hydrograph  for  the  Hapanee 
field  was  difficult  to  fit,  suggesting  that  the  approximation  of  the 
groun^ater    discharge    and    storage    relationship    to    a     linear    reservoir    may 
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require  modi f  lea t  lona.  Figures  8  and  9  display  the  modelled  and 
observed  tile  flows  for  a  selected  event  for  each  field.  Field 
characteristics   and  calibration    values   of    pararaeterg  are  given   In  Table   1. 

Table  4  Field  characteristics  and  parameters 


Characterlatle  /  Para«eter 


Hapanee  Field   Leclerc  Field 


Tile  Spacing  (m) 
Depth  upper  layer  <miT)) 
Depth  lower  layer  (ram ) 
Area  (ha) 


12.2 

300 
700 
5.7 


16.6 
300 
700 
IH.O 


Hydraulic  conductivity  K  (m/d)  0.3 

Depression  storage  L,  0.02 

Dralnable  porosity  D  (mm)  2 

Ultimate  Infiltration   f^,  (mm/h)   12 

capacity 

Depth  to  Impervious  layer  1.5 

from  tile  axis  (m) 

Field  capacity  upper   layer  0.25 

Field   capacity   lotfer   layer  0.15 


1.0 
0.10 
10 
HO 

0.85 

0.17 
0.17 


Model  SensltlTlty 

In  addition  to  the  calibration  and  verification  exercises,  the  model 
was  subjected  to  tests  to  ensure  that  the  sensitivity  of  the  ondel  to 
reasonable  changes  in  parameters  was  conpatlble  with  the  sensitivity  of  the 
real  system  to  the  same  changes.  Table  5  displays  the  parameters  In  order 
of  their  Influence  on  tUe  flow3  for  realistic  changes  In  their  values,  the 
range  over  which  t  he  paramet  er  was  varied,  and  the  range  of  the  peak 
discharges  and  volumes   In  comparison   to  the   final   calibration  run. 
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Table  5  Sensltlvltj  or  tile  aodel  to  paraaeter  changes 


Paraaeter 


Range 


Qp  as  percentage  or      Voluoe  as 
calibrated  value       percentage  or 

calibrated  value 


Initial   sou 

oolsture  content 


Depth  to 
iHpervlous  layer 


130« 

X    2    h    X    \/i 

t2bt 

±0.5  n 


Depth  upper   layer  ±100  m 

fp  X   3  4  X   1/3 


tlO    -    lltO 

itO  -  190 
80  -  1  HO 
75   -    115 

96  -  105 
80-100 


15   -    160 

70  -  120 
90  -  115 
90-101 

90  -  110 
85  -    100 


Eatlaatlon  of  Paraaetera  and  Hodet  Appllcatlona 

Because  of  the  relatively  few  parameters  required  and  because  of  their 
physical  basis,  the  model  should  be  relatively  easy  to  apply  to 
unlnstrumented  fields  for  purposes  of  the  design  or  assessioent  of  tile 
drainage  systems.  Table  6  Identifies  the  key  ondel  parameters  and  suggests 
a  method  for   their  estimation   for   unlnstrunented   fields. 
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Table  6  Eatlaatlon  of  nodel  paraaeters 


Paraaeler 


Typical  Range  Method  of  Estimation 


Diameter  of   tiles 
Spacing  or   laterals 
Slope  of   field 


50   -    250  mm 
5   -    20  m 
0.001    -    0. t    ra/m 


Hydraulic  conductivity  0.01   -   10  n/d 

Depth  to  Impervious   layer        0-5  -   5  n 
Dralnable  porosity  l   -    15X 

Depression  storage  2.0  -  Zb  ■■ 

Initial   moisture  content  0.05  -   1.0 


Depth  of  upper  layer 

Vegetation  parameter   in 
Holtan's   equation 

Ultimate   Infiltration 
capacity 


0  -   300  mm 
0.1    -    1.0 


Measu-ement 

He  as  ir  erne  nt 

Measurement  and  calculation 

Auger  hole  method  or 
Guelph   permeaneter  or 
typical   literature  values 

Heasirement,    or  soil   maps 

Literature   values 

Literature   values  and 
qualitative  assessment 

Field  capacity   for  design 
purposes  (literature  values) 

Measurement 

* 

Literature  values 


0-5   -    100  mni/h       same  aa   K. 
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Seasonal   lapacta  of  Tlla  Drainage  on  Fields 


Because  the  hydrologlc  response  of  an  agricultural  field,  whether 
tiled  or  not,  is  heavily  Influenced  by  antecedent  rnolstura  uondltiona,  it 
is  Impossible  to  assess  drainage  impacts  on  peak  or  low  flows  throu^  the 
exaalnatlon  of  single  events.  Antecedent  moisture  conditions  are  a 
fixictlon  of  the  drainage  Intensity  and  the  prevailing  clloiate  (tenperature 
and     rainfall)      prior      to     the     event     of     record.  In     order      to     assess 

quantitlvely  the  Impacts  of  tile  drainage  on  peak  and  low  flows,  it  Is 
necessary  to  examine  the  hydrologlc  response  of  tiled  and  otherwise 
physically    Identical   untiled   fields  over  a  season. 

To  deternine  these  Impacts  as  realistically  as  possible,  the 
seasonally  calibrated  runs  for  the  Napanee  and  Leclero  fields  were  used  to 
define  the  hydrologlc  response  of  a  drained  field  with  respect  to  peak 
flows  and  low  flows  entering  receiving  water  bodies.  Because  identical 
untiled  fields  have  not  been  monitored.  If  In  faot  they  exist,  the  model 
has  been  used  to  simulate  these  fields  In  an  undralned  condition  for  the 
same  meteorological  input.  This  Lndrained  condition  has  been  simulated  by 
assuming  ditch  drainage  along  the  field  boundaries,  resulting  in  an 
effective  ditch  spacing  for  the  Hapanee  field  of  100  m  and  for  the  Leclerc 
fiald  of  90  «. 

Results  Indicated  that  for  the  monthly  hydrologlc  response  the 
■adelled  evapotranapir ation  is  very  stnllar  for  both  the  tiled  and  untiled 
situations.  As  a  result  the  total  runoff  volumes  for  both  cases  are  similar 
(Tables  7  and  8).  The  key  difference  between  the  tiled  and  untiled  cases 
is  the  shift  between  surface  runoff  and  subsurface  runoff.  For  the  untiled 
case,  the  limited  capacity  of  the  ditches  to  remove  subsurface  flow  rapidly 
forces  the  water  table  to  the  surface  where  excess  water  is  removed  via 
surface   flow. 
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Table  7    Hapanee  field  -  Monthly  hydrologic  reapons*  for  tiled  and 
and  untiled  field  -  1986 


TILED  riELO 


WITILED  FIELD 


surface     Subsurface      E»apo-  Surface     Subsurface      Erapo- 

nunoff       Runoff  transpiration         Runoff       Runoff  transpiration 


April 

0 

21.6 

211.2 

May 

18.2 

15.6 

13.8 

June 

3.6 

10.  J 

51.0 

July 

0 

Q 

73.3 

Aug 

4.2 

10.2 

67.0 

Sept 

21.7 

88.7 

36.4 

Oct 

0 

55.3 

21.2 

0 

5.1 

52.7 

8.8 

37.2 

9-3 

0 

6.1 

1.6 

6.6 

95.5 

10.5 

35.3 

12.2 

24.2 
«3.8 
51.0 
73.3 
6T.0 
3«.4 
21.2 


Table  8 


LeClerc  field  -  Monthly  hydrologlo  response  for  tiled  and 
wtlled  field  -  1986 


TILED 

FIELD 

UNTILED 

FIELD 

Surface 

Subsurface 

Efapo- 

Surface 

Substrface 

E»apo- 

Rifioff 

Rimoff 

transplratlon 

Runoff 

Runoff 

transplratlon 

BO 

OB 

■■ 

wn 

ora 

■un 

Hay 

0 

16.0 

36.0 

0 

2.2 

36.0 

June 

0 

.3 

57.* 

0 

5.2 

57.1 

July 

0 

11.6 

6».5 

0 

7.8 

70.7 

Aug 

0 

0 

111.6 

0 

1.5 

52.2 

Sept 

0 

21.6 

37.7 

0 

1-9 

37.7 

Oct 

0 

62.1 

18.8 

18.8 

21.9 

18.8 
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The    seasonal     effeuta    of    tile    drainage    have    been    asaeased    using    flow 
diratlon  data  Tor   the    1986  season  as   Illustrated   In  Figures  10  and   It. 


O  fO  40  so  M  100 

TrMC      FLOW   19   COUM.LCO    0«    CXCCeOCD    <%1 

Flgwe  10  Flow  diratton  curves  Hapanee  field  1996  season 
or  tiled  and  untiled  oaaes 


X         10    - 


Ik       003    - 


TIME     rL(M    IS    EQUALLED    OA    CXCCCOCO  (%) 

Figure  II   Plow  diratlon  curves  Leclerc  field  1966  season 
for  tiled  and  untiled  cases 


23 


Using  the  Hapanfe  flow  duration  curve  as  an  example  (Figure  10),  for 
50  percent  of  the  time,  runoff  Intensity  In  the  tiled  field  would  erjual  or 
exceed  O.Ol  mm/h.  The  runoff  Intensity  for  the  undralned  case  would  equal 
or  exceed  0.1  «  mm/h,  50  percent  of  the  tlpne.  The  Impjcts  of  tUe  drainage 
on  the  Napanee  field  are  well  Illustrated  by  the  flow  diratlon  curve,  which 
can  be  divided  Into  three  distinct  areas.  Area  C  illustrates  the  effect 
tile  drainage  has  on  the  low  flows.  An  efficient  tile  drainage  system 
removes  the  excess  raolsture  storag«  In  the  soil  profile  quickly  whereas  an 
untiled  field  will  provide  a  longer  sustained  Interflow.  The  result  Is 
that  the  low  flow  periods  will  be  Increased  when  a  field  Is  tiled.  Area  B 
Illustrates  that  for  a  smaller  period  of  time  and  for  Intermediate  flows 
below  the  equilibrium  tile  flow,  a  tiled  field  will  experience  higher 
flows.  This  expresses  the  increased  efficiency  of  the  tiled  system  for 
removing  moderate  amounts  of  excess  rainfall  rapidly.  Rainfalls  of  an 
Intensity  up  to  the  equilibrium  tile  flow  can  be  removed  without  surface 
runoff  from  a  tiled  field.  Finally,  for  a  very  small  portion  of  time  (Area 
A)  and  for  flows  In  excess  of  the  maximum  tile  drainage  rate.  It  can  be 
seen  that  high  flows  from  the  untiled  field  exceed  those  from  the  tiled 
field.  This  Is  a  result  of  high  intensity  rainfalls  which  occur  on 
saturated  soU,  thus  producing  surface  runoff.  As  the  soli  profile  Is 
generally  saturated  or  wetter  for  a  longer  period  of  time  In  the  untiled 
field,  which  can  only  release  water  slowly  through  evaporation  or 
interflow,  any  heavy  rainfalls  are  more  likely  to  produce  surfaoe  runoff. 
A  similar  distribution  of  flows  ocuura  for  the  South  Nation  teat  field  when 
modelled  in  a  tiled  and  untiled  state  (Figure  11),  although  the  differences 
are  smaller,  likely  as  a  result  of  the  relatively  pervious  nature  of  the 
sandy  soil  in  Its  natural  state.  In  summary,  for  both  fields,  tiling  has 
the  effect  of  decreasing  the  number  of  high  flows  and  Increasing  the 
duration  of   drought   (very   low)   flows. 

Both  the  number  of  events  with  surfaoe  runoff  and  the  Incidence  of 
water  tables  in  the  root  zone  are  Increased  for  the  untiled  situations. 
This  Is  particularly  evident  In  the  clay  soil  of  the  Hapanee  field.  Excess 
water  in  the  root  zone  (upper  30  cm)  is  expressed  as  cumulated  cm-days  for 
each  month  in  Table  g.  Ska ggs  (1978)  indicates  that  although  this  index 
(denoted  SEWiq'    '^  ^  crude   index.   It  nevertheless   Is  a  convenient  method  of 
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approxlnal ing  Lhe  quaXlLy  oC  drainage.  In  general,  values  during  the 
growing  season  greater  tririn  tOO-200  co-days  can  be  expected  to  decrease 
crop   yields. 

Table  9  Excess  water   In  root  zone      (ca-dajs)      1986  simulation 


Honth 


Hapanee  Field 
Tiled  Untiled 


Leclero  Field 
Tiled  UntUed 


April 

Hay 

June 

July 

Aug 

Sept 

Oct 


0 

151 

2lt 

216 

to 

205 

0 

0 

0 

0 

51 

ues 

0 

678 

0 

0 

0 

0 

0 

0 

or 

0 

0 

5 

0 

646 

lapacta  at  the  Saall  Basin  Lerel 

Following  the  development  and  calibration  of  the  tiled  field 
slaulatlon  isodel ,  the  oodel  was  extended  to  permit  the  simulation  of  a 
small  agricultural  basin.  Channel  routing  algorithms  for  field  ditches  and 
main  drains  were  developed  to  route  and  add  flaw  from  Individual  tiled  or 
untiled  fields.  The  output  from  the  small  basin  model  reflected  the 
effects  of  channel    lags  on  the  hydroyaph  at   the  outlet  of  the  snail    basin. 

Impacts  of  drainage  at  the  small  basin  level  were  assessed  by  the 
■odelllng  of  a  small  agricultural  basin  on  Milton  Creek  (Figure  12), 
approximately  5  ton  from  the  gauged  Napanee  field.  The  subbasln  consists  of 
sixteen  fields  ranging  In  size  from  3  to  20  ha  for  a  total  drainage  of  168 
ha.  Two  soil  types  predominate  in  the  basin:  Napanee  clay  and  Bondhead 
sandy  loan.  Corn,  hay  and  soybeans  are  the  principal  crops.  Nine  fields 
with  a  total  area  of  lH  tia  (i|i|  percent  of  total  area)  are  presently  tile 
drained.  The  watershed  has  been  Improved  by  ditching  to  11  nk  the  fields 
Into  an  efficient  drainage  network.      Indlvldtal    field  elements  are  modelled 
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using  the  field  model  aa  a  subroutine.  Field  elements  are  added  and 
hydrographs  lagged  appropriately  to  accommodate  travel  times  In  the 
channels.  With  the  meteorological  data  from  the  summer  of  1986.  three 
physical  situations  were  appraised  for  the  subbasln.  These  were  the 
existing  level  of  drainage,  the  baaln  with  no  tile  drainage,  and  a  maximum 
level   of  tile  drainage. 


-—    Dtlch 

— •    Watershed  Boundary 

— -     Field  Boundaries 


1km 


Peak  Flows 


Figure   12     The  Wilton  Creek  subbasln 


The  effect  of  the  alterations  on  modelled  peak  flows  la  displayed  In 
Table  10  for  the  eight  largest  events  In  the  season.  Also  noted  In  this 
table  are  the  peaks  with  the  channel  lags  removed.  In  every  Instance 
Increasing  the  area  tiled  reduces  the  peak  flows  at  the  basin  outlet,  with 
a  reduction  In  flow  peaks  of  up  to  80  percent  for  the  maximum  t  i  led  case 
over  the  untiled  situation.     Removing   the     channel    lags   has   very    little 

effect    on   the    peak    flows.    Indicating    that  changes   at   the    field    level 
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provide  greater  Inpacta  than  improvementa  to  the  efriclency  of  the  dttch 
network.  Ditches  In  other  jreaa  of  Ontario,  where  substantial  storage 
exists  In  the  ditch  network,  may  provide  more  significant  Impacts  than  In 
the  Napanee  area  where  ditch  storage    is  negligible. 

Table   10         Saail   basin  nsdel   results  -   peak  flowa 


Event 

No  tllea 

(mVs) 

Existing 
drainage 

(mVs) 

HaxlBUB  Drainage 

(■Vs) 

May  20 

1.90 
(1.93) 

)  .90 
(1.99) 

1.12 
(1.57) 

June    12 

l.5<l 
(1.68) 

1  .21 
(1.512) 

.19 
(.18) 

August   8 

.11 
(.17) 

.36 

(.15) 

.21 
(.38) 

Sept    II 

2.62 
(2.18) 

1  .99 
(1.89) 

.71 
(.71) 

Sept    15 

.58 
(.57) 

.13 
(.11) 

.12 
(.12) 

Sept   23 

2.10 
(2.13) 

1.15 
(1.10) 

.12 
(.51) 

Sept    30 

0.92 
(.75) 

.66 
(.70) 

.23 

(.23) 

Oct    1  4 

.60 
(.60) 

.13 
(.12) 

.11 
(.11) 

■       Figures    in    brackets    represent    the    output    with    no 
consideration  of    channel    lag  times 

Figure  13  Illustrates  the  stora  of  Septenber  11,  1986  (90.1  mm  of 
rainfall)  for  the  three  levels  of  tile  drainage  modelled.  It  Is  noted  that 
the  naxlauB  tile  drainage  situation  attenuates  the  peak  outflow  of  the 
subbaaln  by  over  flo  percent.  Also  shown  on  the  figure  for  comparison  la 
the  discharge  level  from  the  subbasln  which  would  be  compatible  with  a 
typical   drainage   coefficient   of    18  mm  /day    (0.75   mm/h). 
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Flgura  13  The  effect  of  various  levsls  of  tile  drainage  on  the  basin 
response  to  a  rainfall  event 

Low  Flows 

Although  peak  flowa  are  attenuated  with  tile  drainage,  which  may 
provide  some  flood  relief  to  receiving  water  bodies,  low  flows  are 
aggravated.  Average  flows  during  the  month  of  July  are  0.00053  m'/s, 
0.00098  oVs  and  0.0  m'/s  for  the  untiled  case,  the  existing  case  and  the 
maximum  tiled  situation  respectively.  The  existing  situation,  with  1|0 
percent  of  the  area  tiled,  has  low  flows  In  the  order  of  50  percent  of  that 
which  would  occur  with  no  tiles,  while  the  maximum  possible  tiled  case  has 
no   flow  during  the  month   of  July. 

SUWURT   AND   RECOWENDATIOHS 

A  Bodel  capable  of  reproducing  the  hydrological  processes  of  a  tile 
(t'ained  field  has  been  developed,  calltrated  and  verified  on  two  fields  In 
southern  Ontario.  The  model,  which  Is  capable  of  running  In  a  continuous 
nude  on  a  personal  computer,  possesses  physical ly- based  parameters  which 
for  the  most  part  can  be  relatively  easily  determined  independent  of  the 
model  Itself.  The  overall  performanc*  of  the  model  with  respect  to 
reproducing   flow  peaks,    volumes  and  hydrograph  shapes   is  excellent. 
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The  model  ,  In  I  La  com  Inuoua  mode,  was  used  to  asaeaa  the  Impacts  of 
tHe  drainage  ayateos  on  peak  and  low  flow3  at  the  field  level  and  at  the 
amal  1  baaln  level.  Application  of  the  model  to  the  test  fields  andt  he 
statistical  examination  of  meteorological  data  and  streanflow  data  led  to 
the  following  conclusions  regarding  the  Impacts  of  agricultural  drainage  In 
Ontario. 

.  Statlalically  significant  evidence  of  the  impact  of  tile  or  ditch 
drainage  on  streamf lows  is  extremely  difficult  to  obtain.  An 
examination  of  flow  records  for  trend  Indicates  that  alterations  to 
the  flow  series  as  a  result  of  cllnatologlcal  trends  far  overshadows 
any    leaser   trends   resulting    fromacti vl ty. 

.  The  hydrologlc  response  of  a  tile  drained  field  Is  particularly 
sensitive  to  antecedent  moisture  conditions  prior  to  rainfall  events. 
Because  the  tile  drained  system  affects  the  soil  water  balance  and 
hence  the  antecedent  conditions  In  a  field,  it  is  Impossible  to 
comment  on  the  impacts  of  tile  drainage  through  an  examination  of 
Independent  rain  fa  11  events.  It  is  necessary  to  consider  seasonal 
periods  to  establish  the  changes  In  the  frequency  of  various  surface 
or  aubsurfaoH     hydrograph  peaks  and  volumes. 

.  A  simple  deterministic  hydrologlc  oodel  can,  when  calllrated,  be  used 
successful  ly  to  assess  the  Impacts  of  tile  drainage  on  peak  and  low 
flows  for   various  field  charactarlstloa  and  soil   types. 

.  Tile  drainage  in  southeastern  Ontario  does  affect  peak  and  low  flows. 
In  general,  {gaining  exacerbates  low  flow  periods  during  summer  months 
(July  and  August)  and  reduces  the  frequency  of  high  flows  as  a  result 
of  Intense  rainfall   events. 

.  Tile  drainage  does  not  significantly  change  the  total  volume  of 
runoff,  but  the  relative  oagnltudea  of  surface  and  subsurface  runoff 
are  significantly  changed.  The  subsurface  flow,  which  would  be 
Interflow   In   the   untiled  case  and   largely   tile   flow   in   the   tiled 


29 


-^~:-»r->IRB 


case,  l3  IncTPaaed  algnl  f  Icaiitly  for  Hied  fields.  Because  of  Lhl3 
alteration  in  flow  paths  to  receiving  streams,  tt  is  expected  that 
other  processes  requiring  water  as  a  transport  medlun  wiil  be  altered 
significantly,  Thpse  processes  could  InGlude  soil  erosion,  nutrient 
runoff,      and   herbicide  and   Insecticide   transport  and  deoiy  mechanisms. 

It   is  reccnmended  that: 

to  extend  the  use  of  the  model  to  other  areas  of  Ontario,  efforts 
should  be  concentrated  on  relating  the  required  model  parameters  to 
published   (readily  available)  infornatlon  on  soil   types  and  land  usej 

the  iiDdel  be  linked  to  water  quality  algorithms  to  assess  the  impacts 
of   {»-alnag8  activity  on  water  quality   In  receiving  streams; 

additional  work  be  performed,  Including  calibration  and  verification 
at  the  snail  basin  level  to  test  the  robustness  of  the  model  when 
inte^atlng  several  agricultural  flslds  (both  tiled  and  untiled,  and 
crop  and   pasture  land  uses);    and 

the  model  and  other  information  be  disseminated  to  other  government 
agencies  as' it  becomes  available  with  a  view  to  ultimately  applying 
the  information  in  a  practical  manner  for  land  use  assessment  or  tile 
drainage  design. 

ACKNOHLEDSfCKTS 


Research  on  the  effects  of  tile  drainage  and  the  development  of  the 
tile  drainage  model  has  been  funded  by  an  Ontario  Ministry  of  the 
Environment  Research   Grant   (152   PL)  which    is   gratefully   acknowledged. 


30 


I 

REFER ENCeS 

ENVIRONMENT  CANADA.     I983.      Historical    atreamriow  summary.    Ottawa,    Ontario. 

GILLESPIE,  J.E.  WICKLAND,  R.E.,  and  MATTHEWS,  B.C.  1963.  The  30II  survey  of 
Lennox  and  Addlngton  county.  Department  of  Agriculture,  Report  Ho. 
36,   Ottawa. 

HOOGHOUDT,  S.B.  I9t0.  Bljdrage  tot  de  kennls  van  engle  natuurkundlge 
grootheden  van  de  grond.  Verslagen  van  Landbouwkundlge  Onderzoeklngen 
16(7).    pp.    515-707.      the   Hague. 

SQ1RAH0,          S.E.,          HHITELEJ,  H.R.       and       IRHIH,       R.H.       1965.          Effacts      of 

agricultural     drainage  on     streamflow   In     the     Middle      Thames      River, 

Ontario,      1919  -   1980.  Canadian  Journal   of  Civil   Engineering,      12(3), 
pp.    875-885. 

SKAGGS,  R.N.  1978.  A  water  mana^ment  model  for  shallow  water  table  soils. 
Water  Resources  Research  Institute  of  the  University  of  North 
Carolina,    Report   No.    \i'i. 

SMEOEMA,  L.K.  and  RICROFT,  D.W.  1983.  Und  drainage,  planning  and 
design  of  agricultural  drainage  systems.  Cornell  University  Press,  New 
York. 

TAKLOH,  G.S.  I960.  Dralnable  porosity  evaluation  from  outflow  measurements 
and   Its  use    In  drawdown  equations.      Soil   Science,    90   (6)  pp.    338-313. 

HATT,  W.E.  and  PAINE,  J.D,  1987.  Hydrologic  model  for  a  tile  drained 
field.  Proceedings  Eighth  Canadian  Hydrotechnlcal  Conference  May  19- 
22   1987,   Montreal,      pp.    501-521. 

WHYTE,  R.J.  1987.  Hydrologic  response  of  an  agricultural  field  under  tile 
drainage.  H,So.  Thesis,  Department  of  Civil  Engineering,  Queen's 
University,    Kingston,    Ontario. 


31 


An  Expert  System 
for  Water  Quality  Asscssniciit 

W  p   All^n,  T.R.  Ilnny,  H.  Sh«    (1) 
I..    Logan    (2) 

Abstract 

W»tQUAS  -  %  ptotoljrp*  mptr*  *)i*tem  hn«  bi-*n  H»T»lop-H  to  InlFrpr^l  hiitntknt  w„ 
t»r  I'li'lUr  *<»•=>■  Th»  »Tp»rt  KrilFtn  mimlrt  »  hnman  hT-lfWic*!  'xpnt  In  jiiHr(>r)f 
th«  (tallillcfti  analftli  of  a  tirtiP  RrtiM  r»pr«P«nlntlon  of  w.-ittr  qnsllty  at  a  nits.  Th. 
»r«t*m  inrorporalM  *tAnrf;.rd  ulalldlk-:.!  analrott  tvrhninari  and  Iinowl^di,*  ■nRlnvvT- 
Ini  mRthodi  In  Intrrprftlng  th>  a»U  ba*H  on  tirdi'>lojital  heuristic*  compilvd  In  a 
)ino¥>l«d|*  baiB. 

Introduction 

<'ompntfr«  hav«  been  nsH  tradUionnHr  m  '«*»  nuBierk*!  cttlcnratinit  marhinn 
nnd  (ire  indiiipriixibre  toots  of  inodprn  docM-tir'!.  inrormation  pTocf'-tiiiR  tiMid. 
How»v*r.  human  iroiiKlit,  rr-attvlty,  nnd  fl^xibilitr  ctiil  prfdominat.r  In  rvr n  tli« 
modt  aimpit!  prohlpm-polvinK  titskn  But  with  th*  nd»»nt  of  arliticini  intFllift^nce 
(At)  fame  the  prodnct  B«p*rl  Sj-PtentJ'  -  rompnler  pro«Tan»  ohirh  tiiimk  hu- 
man expMliM  in  BoniP  liiMitrd  pnrliciilar  domain.  Today  fiprrt  py-'t^ni-.  rn'fny 
wide-s(>t*ad  a»t  in  a  varirty  of  fi«|di  *nch  u  medical  diagnosiB.  oil  exploration, 
or  Miiernenc)-  spill  procedures. 

Expert  system  .ipplirationa  avoid  many  of  the  prtfalla  of  traditional  computer 
software  packages.  Typical  compnter  alRorithms  rely  on  'hlack-boK'  approaches 
to  problem-solvinn  This  approach  works  welt  for  welKdefined  nniKerir.il  prob- 
lems btit  is  wnetolly  inadequate  for  problems  reinirina  jadgement  or  linvtnn 
incomplete  data.  Expert  oystetmi  are  >  type  of  Knowled||e  Based  .System  -  a 
system  whicli  relies  on  mathine  'understandinR'  of  problems  rather  tlian  rtfid 
mathematical  atnorithms  For  this  lewon.  expert  systems  are  oflen  <lfsinned 
to  accommodate  symbolic  information  and  making  concluBions  regarding  the 
meantnf  of  the  data. 

Hydrolo«kal  engineering  problems  often  Involve  procewting  large  amounts  of 
sampled  measiirements  (time  series).  Most  hydrological  data  processing  incor- 
porates many  such  'black-bn^'  models  and  thus  siiflers  many  the  timit.itinns  in- 
herent in  the  models.  With  regard  to  stochastic  time  series  models,  ItJnny,  1981) 
states: 


(1)  Department   of   Systems   Design,    University   of  Waterloo, 
Waterloo,    Ontario,    N2L   3GI,    Canada 

(2)  Oilef,    llydroloRtc   Unit,    Water   Resource:)    Branch,    Ontario 
Ministry  of   the   Environment,    Toronto,    Ontario,    Canada 


'It  Mhonld  be  emphnsiivtl  here  Ih^it  this  procednrf  h«ari  no  rrla- 
lionthip  to  the  ph>'*icnl  pliennmenn  nn  wliirh  the  data  hks  heen 
recorded.  In  addition,  tliin  prncediire  could  nften  bpconie  irrelevant 
when  iti  reeult*  are  applied  in  ronnrction  with  wnter  rciioiirces  plnn- 
ninf  and  management.  ObiertioMS  r.in  also  be  rained  (rom  lieiiiintic 
■nd  philoeophic  point*  of  view  All  thnt  it  reqnirrd  to  complete  the 
above  procedure  |lime  Mrie^  nindeliniil  v  a  lew  parametem  -  -  at  the 
moit  three  or  Iniir  —  determined  (roin  the  dntai  otherwJK  the  whole 
Mt  of  datk  ao  laboriously  collected  can  be  discarded. * 

Theee  Itmitations  do  not  imply  that  such  iiiodeb  are  ufeleH;  they  only  demon- 
■trnte  the  exteat  to  which  the  results  can  be  justifiably  aaed  in  engineertni 
Jndgcment. 

Water  quality  assessment  as  a  brand)  of  iiydroloiy  incorporates  both  determin- 
istic facts  sack  as  concentration  measurement!  and  quantifiable  gcofraphical 
sitnatioHs  with  the  more  obscure  concepts  of  environmental  risk  BnseHsment  and 
•ocio-economtrs.  Part  of  the  wnter  quality  expert's  task  is  to  pMS  judgement 
OR  data  and  attach  symbolic  meaninfiti  to  the  data.  The  interpretive  procedure 
is  ill-defined  and  reeists  conventional  modeling  methods,  la  fact,  hydroloi{ists 
qnite  often  differ  among  themselves  ns  to  what  knowledge  is  relevant  and  how 
to  define  the  iitteipretive  procedure.  This  ambiguous  nature  of  water  quality 
MMMment  makes  it  an  excellent  candidate  for  an  expert  system  application. 

Water  Quality  Assesament  as  an  Application 

Not  all  domains  are  good  candidates  f.>r  expert  system  application.  The  domain 
should  depend  a  great  deal  on  symbolic  reuoning  and  should  contain  obscnre 
or  ambiguoHB  qualities  of  a  type  difficull  to  model  nnmerkally.  Water  quality 
assessment  is  a  good  candidate  because  aseesement  experts  are  often  involved 
in  data  >a<erprclalion  (symbolic  processing)  and  the  process  of  interpretation  is 
still  anibigaous. 

Often,  water  quality  experts  must  assess  tlie  seriousness  of  an  identified  problem 
a«d  prescribe  remedial  abatement  strategies  taking  into  account  socio-economic 
factors,  the  chemical  nature  of  the  pollutant  {environmental  impact)  and  other 
features  such  as  data  uncertainty  and  statistical  trends.  The  complexity  of 
the  ecosystem  conpled  with  the  many  unknowns  of  today's  myriad  of  chemical 
pollutaats  combine  to  create  a  very  obscure  problem. 

Data  used  In  water  quality  asse»sment  often  takes  the  form  of  seta  of  time  series 
for  several  pollutant  concentrations  at  selected  sites.   In  Ontaxio,  measurements 


f>CiH*rt»Tl  watfr  riii;ilily  p^traiiiftpni  »tr  l.nVm  at  trsnl.ir  mtf-Tvalfl  .in'f  ai^  r..ni 
pil*il  to  form  n  hintorKal  Hal.i  bn^»'  for  lhi»t  nilc.  For  economic  nn<l  pt.irtir»l 
r^aHonn,  not  rvny  pnraiiirtfT  in  iiif^«nrp(l  at  f*My  sUs.  hnt  rnlhrr  p:iriiiTi«tiTt< 
dmn«il  important  for  a  prtrtknl.ir  nt.itinn  nre  niruiir^il  unrl  iisfd  m  h  metric 
for  that  an^k's  wat^r  luality  M^ijor  parnmetfrs  ar*  total  and  f»r:tl  coHrorm?«, 
bioloKM-nl  ovrK^ii  H^manrl  (imOB.  plio^phoron?,  pho!>phate^,  ariility,  nitratv*. 
Btmpptidpd  »o\UU,  tiirWdity,  p\\,  nn<l  th^  ronc^nlrations  of  metals  .ind  -K-l^t 
Hnii#Bt*  or  eompodndi".  Tfif  Ontario  Ministry  of  th*  GnvironitiFiit  ha*  pub- 
lifhtd  ita  policy  om  waler  ttaality  and  definM  acceptable  fevela  or  some  claMM 
of  pollntanta. 

Forttinalely,  not  every  aspect  of  wat«  qaalitjr  UMinment  is  ahroiided  in  uncM- 
tainty  Y«ara  of  re^^nrch  have  di.icov^red  important  relationphipn  and  r*p»atinit 
phenomena.  For  eaample,  laboratory  testa  on  deterntine  lethal  mncentrationa 
of  certain  eomponnda.  Bnl  the  ambiffnitiea  ontweifh  deterministic  hnowleflf* 
by  far.  Uncertaintiea  arise  doe  (not  exclmaively)  from  fo«r  canae*: 

■   btolofical  complesity 

•  weakncM  inherent  in  testing 

•  vncertain  source* 

•  interaction   of  water  quality,  acqnatic   life,   and  aocioeconomic  concerni 
(aynergy  of  ecoeyatenia) 


WatqUAS 

WatqiJAS  addresses  this  instie  of  ambifttlly  in  data  Interpretation.   In  pUnnlnii 
WatQUAS  aa  an  assessment  tool,  the  folkiwinf  fenersJ  foals  were  pvt  forward: 

•  to  provide  a  Her-friendly  interface  to  water  qaality  data 

•  to  interpret  hiatorical  water  quality  data  in  a  expert  fashion 

•  to  fnsctioR  as  a  tool  in  planninf  based  on  expert  water  quality  asweasment 

A*  a  computer  application,  the  followini  objectives  were  stipaUted: 

•  naer-friendliness 

•  modularity 

•  Hexibility 

•  robustness 


Lutly,  u  Kn  expert  aystem,  the  following  objective!  were  itemiied; 

•  euy  to  uje 

•  edncatioBkl  when  appropriate 

■   able  to  explain  advice  and  rationale 

•  able  to  reepond  to  aimptc  queationa 

•  abl«  to  learn  new  knowledge 

•  caaily  modiied 

In  toMtrnctiBg   WatQUAS,  the  ba«c  prcmiM  aa  suggnted  in  {Sell,  t98S|  wm 
coniidered: 


'to  make  a  program  intelligent,  provide  it  with  Iota  ol  high  quality, 
■pcciAc  knowledge  about  aomc  problem  area.' 

Many  of  the  concepU  and  definitioiu  diacuaaed  in  |ll«ye*-Rotk,  10831  wcra  mbmI 
In  WatQUAS-  development. 


Computer  Resources 

WatQUAS  1.0  waa  developed  at  the  Univeraity  of  Waterloo  on  a  VAX  11/785 
networked  via  ethernet  with  a  VAXflntion  H/GPX  Both  machinea  ran  the 
UNIX  4.2bad  operating  aystem.  The  VAXitation  ll/GPX  ia  a  MicroVAX  ma- 
chine with  dedicated  colour  bitinappeil  gr;iphics  hardware  and  waa  u»ed  for 
graphics  representation  of  atatistical  iiifonnatioR.  The  atutiitical  and  user  in- 
terface componenta  of  the  ayatem  were  writting  iu  the  C  programming  language 
and  the  eapert  ayalem  modules  were  written  in  OPS83  -  a  production-rule  lan- 
guage specially  designed  for  expert  aystem  applications. 


System  Strategy 

Following  the  gonia  and  guidelines  descihcd  altove,  a.  system  aa  diagTairuned  in 
Fignra  1  waa  constructed  to  meet  the  objfclives.  WalQUAS  waa  cnnplnicted 
aa  a  command-driven  software  p.tckage  Commnnds  typed  at  a  lerminnt  nre 
paraed  and  aubinitted  to  a  command- processor.  The  novel  aspect  of  WatQUAS 
lay  in  iU  use  of  an  expert  system  interpreter.  The  statistical  analysis  modules 
perform  standard  arithmetic  operations  on  the  raw  d.ita  (files  of  water  qunlity 
measurements  indexed  by  time)  to  produce  a  statistical  summary  of  the  data. 


Ti  -r^  Trf7r*F»r^-^'««s 
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Figure  1  WatQUAS  Structure 


Other  inodnles  compute  tlie  it.Mixtics  o(  tlirevhold  violntioni  Ksinit  to  loohup 
tftblet.  Another  iiio<luie  computes  a  modified  coinpusitc  water  'inklitr  tiiiiex 
based  on  a  Delplii  tecliniqiie  described  in  jCaiiter,  198S|.  So  far,  ihii  represent! 
onty  conventional  proframniing  teciinique. 

To  inlcrprel  iltese  extracted  data,  tlie  user  typett  an  appropriate  command  and 
a  separate  module  is  invoked  to  assess  lliese  data  according  to  rules  (licuiis- 
tics)  compiled  in  tlie  Knowledge  Base.  Till*  knowledge  bniie  coupled  with  the 
inference  engine  composes  the  expert  system  component  ot  WatQUAS. 

Hcnriitka  in  the  knowledge  base  are  of  lour  types  and  arc  diacusscd  briefly: 

AaaoNmcDt  Rul»* 

These  niles   implement  an   interpretive   procedure   described   in  (Canter,  l96St 

■amcly: 

•  establish  water  quality  at  a  site  (eg.  water  quality  imlax) 

•  analyse  data  for  trends 

•  identify  paranicter  reUtionohips  and  signiticanc* 

•  assess  sampling  practice  adequacy 

•  compute  environmental  riak  and  make  recommendatioiu  if  necessary 

Other  asieument  rules  interpret  the  statistics  by  assigning  a  i>eTiousness  to 
sitnationsan  compute  a  symbolic  overall  seriousness  based  on  violation  trends, 
toxicitiM,  and  itatiatical  trends  in  the  time  history. 

Parametcr-Bpeclflc  Rules 

These  heuristic  deal  with  the  unique  properties  of  individual  chemicals.  Sach 
individual  features  dictate  the  importance  of  toxicity,  environmental  impact, 
and  health  risk  implications  of  a  particular  substance.  An  example  of  this  type 
of  kcurstic  may  be  stated; 

Ilulai  Fecal  Coliform  environmental  Risk 

If:  the  fecal  coliform  levels  at  a  site  are  not  satisfactory 

•ndl  the  site  being  considered  u^es  water  for  drinking  or  recreation 

Tbeoi  the  health  risk  at  this  site  is  substantial 

Other  parameter  rules  deal  with  the  issue  of  missing  information.  If  only  partial 
information  is  known  about  the  prenence  of  a  substance,  an  expert  may  wish 
to  know  something  not  found  in  the  data.    Such  a  rnle  would  tecogniie  the 


Urfcin(t  tiifiiriTi.itioii  .iii.I  ptniiipt  Llir  ■I'.fT  (ot  it  and  know  how  lo  pror.'-U  willr 
nT  without  apprcrpri.ile  ii»«  rrspoiiM. 

llydrolnKi*'  Hufpn 

Th'«  rtilw  cnn-iflM  tli»  RfoariplMfal  nnd  "itatioti  rhatart^riiilici  in  M-Mwrinii 
ditta  For  example,  PtrraniOnw  or  station  claK^ifiratjon  iii.iy  infliirnfr  llie  im. 
pmtaiir*  Htvfn  to  t«Utn  paramcteTi-  An  example  of  Ihf  Reonrnpliirjil-typf 
kydioloiical  nilp  in  itatrd: 

Rul«t        ARricnltitral  Site  P.iTametrr 

Ifi  the  aitc  ii  de«>i;natr<l  .w  an  .iKTimltoral  monitorini  ait* 

or  th«  fitr  i«  in  an  anrirnltntal  nettinf 

Th«nt      the  (ollowin«  p.-»r.iniftrni  mr  important  (on«9  lo  watch): 
f«al  colifofmB,  any  p^^ticide,  any  nntrient  paranieler 

Snclo-vconomic  Ruira 

Risik  MMsdmfnt  and  abatement  dtral^ny  ImowMne  is  embodied  in  the  nocio- 
rtonomk  lulpe.  Dentofrapltir  detail  n^ed  in  strateity  makinf  and  iilerilifyinit 
likely  pollutant  source*  are  aome  of  tlie  iMoes  addtesHed  by  these  heiirinttTn.  An 
eaaiitple  of  thia  rule  type  ia: 

Rulci  Hiith  risk  urban  lites 

If:  eite  is  urban 

nnd  human  health  related  parameter*  ha»e  been  fonnd  with  aeriova  violationa 

Th^n  many  people  are  at  rick 

and  abatement  atrategiei  shonid  be  implemented  (atrong  retomitiendationj 

Other  Tulea  would  specify  the  abatement  itrategy  based  on  which  parameters 
were  found  to  be  present  in  hi|th  quantity. 

These  rnlei  are  represented  a#  pnfternj  in  the  knowtedne  baae  and  the  infer- 
ence enitine  uaea  a  conflict  resolution  elrateity  described  in  |For||ey,  19RS|  to 
match  data  palterna  with  appropriate  rules  Thia  processing  continu's  niitil  a 
non-proce*sable  slate  is  reached  at  which  lime  a  airtnal  ia  aenl  to  the  user  inter- 
face (keyboard  plus  screen)  indicatinn  that  proresainR  is  complete.  A  report  in 
human-rendable  format  is  Reueraled  summartiinK  the  result  of  the  interpreta- 
tion. QMbtittmt  as  well  as  qnatilitalive  assessments  of  the  data  are  provi,|ed. 
For  example,  such  words  as  arrtonii,  fnnA,  find,  pnttnttnlh  rfatijcrnn.i  (alt  wortls 
indicalinn  a  judnement  call)  are  attached  lo  a  numerical  description  of  a  site. 

Other  features  of  WatQUAS  include  the  Rraphical  representation  of  trends  and 
parameter  hialories  on  the  VAXstation  Il/nPX.  This  feature  pni»idea  the  uaer 


with  ft  picUrc  of  tlie  d«U. 


Conclusions 


W*tqUAShMitffiificant  polenlialnn  a  »?ahle  tool  in  lh«  lianas  of  both  hydro- 
loRicAl  en|inc«ra  and  Hon-»p«rl8.  The  iiilc||Titr  or  a  final  vetnion  will  depend 
lariely  on  the  >iie  and  quality  of  the  Iieiiristica  wweiiihled  in  the  knowledge  buc. 
Other  knowledge  extraction  techinqitn  can  be  ineoiporated  into  ita  modular 
•trvctare  to  provide  more  d>ta  lo  aid  the  interpretive  proce#a.  Development  of 
the  gysteni  may  incorporate  naliiral  language  proceMtng  and  rcgioasl  pUnNUi| 
and  u«cMnient  itrategtea. 
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INTRODUCTION 


^uX,' U  o?  °' """'  ^'^^«""»"°"»  °'  'yn'^^-'lc  organic  chemicals  (SOC.)  In  finished  drlnMng  wa,« 
supplies  Is  o.  concern  for  numerous  reasons,  not  the  (east  of  which  ts  the  posslbHI.y  of  health  elfects 

.r  JZ>re',L:  '  '^T  '?"""^"^  ^"°"  '"  "^^^  ""^^^^''-  So,....Jl  conlen  W 
w^'r"  s  '1^^,  ."h  "  h'""!'"  technologies,  for  reducing  the  levels  of  SOC,  found  In  drInMng 
tCmen  nmr'Lr  T  ""^"7''^"  "^ ^«'«""'"«  "''•' «"«ctlveness  of  op.lm.zed  conventional  wa.er 
GAcTfn  ml  ,    ?     corjventlona.  treatment  followed  by  granular  activated  carbon  adsorption 

orm    coveZnTr^lr 
lor  me  conventional  treatmenl  process  evaluation  are  discussed  here, 

rhe7Zv7or.nr  "^  ^'°"'^"?'''  *"  '^""^"'"^  '^'"'^ '"«  «^*"«'  P"°'  P'^"'  ^^P^'""^".,  ,o  evaluate 
Ind  sZno  nL?no«,  r  '."  ^"^  '"'  '""'"^"^  "•*  ''^'«'="""  °'  ^  ^'^''^  °'  ^00,  for  monitoring 
and  thJ  deLnT^  ?  development  of  analytical  methodologies  for  those  specific  compounds 
and  the  design  and  construction  of  a  pHol  scale  drinking  water  plant. 

rom  tTXpn^  h       >    ?f  '  "'"^ '"  ""•'^"''•"9  "^'^  monitoring  list  ensured  that  compound, 

Uom  1 1  dlHerent  chemical  classes,  with  wide  ranging  chemical  and  physical  properties  were  chosen 

cf^eL'f'T       :  '°:"''"^  '"  ^''^'''''^^'^^  -fi's  lis.  included  the  environmental  tevroMhe 

lurfstt^ons      "      "  '  """''■  "  "'"  "  ''•  '"'"'"^  ""^  '^''^'''^S  -'-  -"«"«  «'  «— ' 

worMnctd^^  '"^""^'^  '°'  '^^  ^°""""  monitoring  ol  the  34  target  compound,  ThI. 

work  Included  the  establishment  ol  Instrument  and  method  detection  limit,  lor  all  of  Iha  target 
compounds,  often  at  level,  lower  than  those  used  In  standard  methods.  ° 

rns7a"e^T;ir"r'rTr  ?"'"  """'  *"  '"'^"^-  '^^"^^'^^  "'  ^^^'"'^^"V  '"«"  materials,  and 

■err-oirprp:^^^^^^^^^^^^^^^        ^-"^'"  ^^^'  --^  ^--^  -« -----  work 

««  chosen  from  m'^M?  r/""^""!  "''*"'"'  ''''^''""  '°'  '^""^'"^  ^O*^'''  "  -«'"  °'  <=»'«'""=»'» 
The  ,nr  monitoring  compounds  lor  spiking  Into  .he  pilot  plant's  raw  wa.er  supply 

mL„?I^  .  T'""        necessary  to  ensure  that  a  cons.ant.  known  concentration  ol  SOCs    s 

7^l1^^1n!r  "'Tk  '  "  "'  '''"°''"  °'  •'"'  'P"'^  ^°^*  ''V  "''•  conventional  treatment 
processes  thai  Is  discussed  here. 


EXPERIMENTAL 

Jar  Tttling 

Th«  goal  of  ihe  far  tesiing  program  was  to  determine  itie  best  performing  coagulant(s)  lor  ttte  removal 
of  lurbkJIty  and  natural  organic  matter,  and  establish  Itie  optimum  coagulant  dose  arxJ  operating  pH 
lor  that  system.  Dissolved  organic  carbon  (DOC)  and  ullravlolet  absorbance  (UVA)  at  254  nm  were 
used  as  a  measure  ol  tlie  organic  carbon  levels  In  the  water.  Turbidity,  colour,  pH  and  alkalinity 
measurements  were  made  as  welt. 

The  three  primary  coagulants  that  were  evaluated  were  alum,  polyalumlnum  ct^loride  (PACI).  arxJ  (errlc 
chloride.  Both  alum  and  PACI  stock  solutions  used  In  the  tests  were  obtained  by  dHultng  ihe  commercial 
products,  while  terrk;  cMorkJe  was  made  up  In  Ihe  laboratory  from  the  reagent  grade  chemical. 

Each  ol  Ihe  primary  coagulants  was  tested  using  a  matrix  ol  cor>cenlratlon  and  pH  comblnathins.  The 
doses  ranged  Irom  1  to  16  mg/L  for  PACI  and  ferric  chlorkJe.  and  from  2  to  32  mg/L  (or  alum.  The  pH 
range  went  from  5.0  to  7.5,  In  Increments  ol  0.5.  wtlh  (ha  last  test  run  at  the  ambleni  pH  ol  around  8.3. 

The  primary  coagulants  were  ranked  according  lo  their  performance  In  removing  turbkllty,  DOC.  and 
UVA.  as  wall  as  Ihe  cost  lo  produce  a  given  volume  ol  water  at  the  optimum  pH  and  coagulant  dose 
cor>dltlons. 

A  total  ol  live  aecortdary  coagufanis  ware  evaluated.  Activated  sHIca  and  CalFloc  B  were  evaluated 
with  alum  at  a  fixed  dose.  Three  other  poiyelclrolyles  (LT31,  a  long-chain  catlonic  polymer:  6465,  an 
anionic  polymer,  and  LT20,  a  nonlonic  polymer)  were  tested  wllh  all  three  primary  coagulants  The 
teals  were  conducted  al  ihe  optimum  dose  and  pH  conditions  already  determined  lor  each  primary 
coagulanL  The  slock  solutions  lor  these  chemicals  were  made  up  fresh  In  the  laboratory  prior  lo  use. 


The  urxleflylng  philosophy  of  the  evaluation  ol  the  secor>dary  coagulants  was  lo  determine  II  they  could 
knprove  the  quality  of  the  filtered  waters  compared  to  the  use  ol  the  primary  coagulants  alone,  at  Ihe 
same  dose  arxl  plH  conditions.  The  Inieni  was  to  determine  if  Ihe  use  ol  Ihe  secorxlary  coagulants 
coukl  reduce  the  amount  of  primary  coagulant  needed  lo  produce  the  same  quality  water. 

The  initial  tests  ware  conducted  In  late  summer,  wllh  warm  ambleni  water  lemperalures.  Some  lesls 
were  aubsequenlly  carried  out  in  an  Ice  bath  to  malnlain  temperatures  below  4°C,  and  simulale  winter 
conditions.  This  gave  an  IrKllcallon  ol  the  relative  performance  ol  the  primary  coagulants  when  used 
81  low  temperatures.  The  coagulants  will  be  re-evaluated  when  the  pilot  plant  Is  in  operation  during 
winter  monlhs. 

The  cost  lo  produce  the  best  quality  water  ts  also  an  Important  lactor  In  Ihe  evaluation  ol  Ihe  chemicals 
tested.  II  two  coagulant  systems  are  capatrie  ol  producing  a  similar  'best'  quality  ol  water,  then  the 
scheme  with  Ihe  lower  cost  would  obviously  be  prelerred.  Therelore.  ihe  amount  of  coagulanl(s)  used 


and  Ihclr  unit  prices.  Ihe  amounr  ol  sludge  produced  and  rhe  cor:!  of  disposal,  as  well  as  Ihe  opefaling 
pH  with  the  cost  of  pH  ajuslment  chemicals,  would  all  inPuence  Ihe  choice  ol  an  opilmum  system. 


Pilot  Plan!  Evaluation  of  Jar  Test  Results 

The  pilot  plant  models  a  complele  water  IfeatmenI  process  consisting  ol  Mash  miKtng  and  coagulation, 
floccuiatlon,  sedlmeniatton  and  IHtratlon.  The  materials  of  conslruclfon  as  well  as  all  pfocess 
equipment  and  Instrumentation  were  carefully  selected  so  that  all  water-contacting  surfaces 
throughout  Ihe  entire  delivery  and  treatment  processes  are  of  chemicaily  inert  substances  (I.e.  glass, 
teflon,  and  stainless  steel). 

Raw  water  from  the  Niagara  Rh/er  Is  supplied  to  Ihe  pHot  plant  via  a  dedicated  pump  which  draws  from 
the  Niagara  Falls  WTP  intake  system.  The  coagulants  and  pH  ad|uslment  chemicals  are  delivered  by 
duplexed  low  flow  metering  pumps  from  calibrated  storage  vessels  and  injected  Into  the  raw  water. 
Flash  mlxlr>g  for  these  chemicals  Is  done  with  an  8  slage  Komaxtype  static  mhter.  The  flocculator  Is 
designed  lor  a  3  8  L/mIn  (l  USgpm)  How.  and  has  Ihree  comparinients  with  hydraulic  detention  limes 
of  to  minutes  each.  Sedlmenlallon  occurs  In  a  Lamella-type  plale  clarlfier.  with  an  overflow  rate  ol  4.75 
m/hr.  The  litter  Is  a  to  2  cm  diameter  glass  column,  and  operates  at  a  flowrate  o(  12  2  m/hr  (5 
USgpm/tt  ).  A  built-in  plenum  supports  24.5  cm  of  sand  ar>d  43  cm  ol  anthracite,  taken  from  filters  In 
service  at  the  Niagara  Falls  plant. 

A  conceptual  drawing  of  Ihe  pilot  plant's  conventional  process  treatment  train  Is  shown  In  Figure  1. 

The  two  best  coagulant  systems  selected  from  the  |ar  lasting  program  were  further  evaluated  In  the 
dynamic  corxJUIons  of  the  pilot  plant.  As  per  the  [ar  tests,  a  malrix  of  dose  and  pH  combinations  was 
used  to  evaluate  the  coagulants  The  pH  an6  coagulant  dose  ranges  tested  bracketed  the  optimum 
values  determined  In  the  bench  tests.  Cost  to  produce  the  best  quality  water  was  also  evaluated.  The 
coagulant  arxi  operating  conditions  that  gave  the  best  water  quality  were  then  chosen  for  use  during 
the  subsequent  pilot  plant  evaluations  of  the  removal  ol  Ihe  spiking  SOCs. 

Each  coagulant  was  evaluated  in  the  pilot  plant  over  a  period  of  several  days,  after  allowing  the  pHol 
plant  to  come  to  steady-stale  conditions.  This  Involved  selecting  the  correct  energy  input  and  gradient 
to  the  floccuiatlon  chambers,  eslatyishing  a  sludge  blanket  in  the  plate  settler,  and  determining  the 
proper  underflow  from  Ihe  sludge  hopper. 


Pilot  Plant  Evaluation  of  Conventional  Treatment  Process 
for  the  Removal  of  Spiking  Ctiemlcals 

Based  on  the  selecllon  of  the  targeted  34  monitor  compounds,  13  spiking  compounds  were  chosen 
for  these  experiments.  These  SOCs  represent  a  wide  range  of  physico  chemical  characteristics 
relevant  to  water  treatment  operations.  In  other  words,  the  selected  chemicals  possess  properties  that 
might  establish  the  limits  ol  the  conventional  and  GAG  treatment  processes. 
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These  chemicals  are: 

1.2-Dlchloroethane 

p.p -DDT 

Telrachloroelhylene 

gamma-BHC 

Benzene 

Anthracene 

CNorobenzene 

Pyfene 

1 .4  -Dlchlorobenzene 

Naphthalene 

2,4,6-Trlchlorophenol 

Hexane 

DecacMorobtphenyl 

Due  to  the  low  solubBlty  of  some  o(  the  more  hydrophobic  compounds  o(  Interest,  the  leed  aoJutlon  o( 
the  spiking  compounds  was  made  up  In  acetone  With  acetone  present  (n  largo  quantities  as  the 
solvent,  anelysis  o(  the  volatile  compounds  was  not  possible.  Thus,  results  for  1.2-dlchloroethane, 
lelracWoroethylene,  benzene,  cMorobenzene,  1,4-dk:hlorobenzone  and  hexane  are  not  avaHabls  lor 
this  phase  of  the  study. 

The  spiking  feed  solution  Is  delivered  to  Ihe  pilot  plant  by  a  duplex  metering  pump,  and  Is  ln|ecled  Into 
Ihe  raw  water.  The  Hash  mixing  ol  Ihe  spiking  solution  andthe  raw  water  Is  accomplished  by  a  static 
mixer,  ahead  of  the  addition  point  of  any  trealment  chemicals  The  spiking  solution  Is  led  such  a  rate 
as  lo  give  a  raw  water  concentration  of  Ihe  spiked  SOCs  o(  approximately  10  ug/L. 

The  spiking  soJullon  leed  drum  Is  sHuated  wllWn  a  secondary  conllnemeni  drum,  and  slls  on  a  weigh 
scale  so  thai  precise  measurements  ol  spiking  solution  leed  rates  can  be  made  A  conceptual  drawing 
of  the  spiking  solution  storage  apparatus  and  delivery  system  Is  shown  In  Figure  2. 

Two  preliminary  lesls  were  conducted  prior  lo  the  pilot  plant  evaluation  of  the  removal  ol  the  spiking 
compoufxls.  The  first  test  determined  Ihe  contrlbullon  of  organic  chemicals  to  the  raw  water  by  Ihe 
pilot  plant  materials,  and  the  loss  of  ambient  SOCs  onto  pHot  plant  surfaces.  The  second  test  evaluated 
Ihe  loss  ol  the  spiking  chemicals  within  the  pHot  plant. 

There  was  no  Indication  from  the  analysis  ol  the  llrst  test  Ihat  any  ol  the  pilot  plant  surfaces  contributed 
lo  Ihe  presence  ol  Ihe  DOC  Inherent  In  the  raw  water,  or  any  SOCs.  There  was  also  no  apparent  loss 
ol  ambient  level  SOCs  wllhln  the  pHol  plant. 

The  Influent  and  effluent  concentrations  ol  some  of  the  spiking  chemicals  showed  significant  variation 
during  Ihe  second  test.  There  are  a  number  ol  possible  factors  contributing  to  this  observation  There 
Is  a  measurable,  yet  variable  loss  of  tha  spiking  compour>ds  In  Ihe  delivery  to  the  pHol  plant  from  the 
storage  vessel,  as  well  as  some  loss  during  ln|ectlon  Into  the  raw  water  Other  lectors  could  Include 
adsorpllon  ol  Ihe  spiking  SOCs  onto  Ihe  pilot  plant  surfaces,  volalllzallon  Irom  Ihe  open  water  surfaces, 
biological  activity,  and  adsorption  onto  humic  aixl  particulate  malter  partially  removed  In  Ihe  plant 
undertlow. 
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II  becamn  evident  thai  a  qiinntltstive  measure  of  the  removal  nf  indivMual  <;p{l(lMg  compounds  by  any 
of  Ihe  specific  unll  operations  of  the  conventional  treatment  train  could  nnl  be  made  Instead,  any 
measureable  removal  of  the  spiking  compounds  Ihat  was  observed  would  have  to  be  attributed  lo  the 
conventional  treatment  process,  regardless  of  whether  this  removal  was  a  result  ol  the  IteatmenI  unit 
operations,  adsorption  onto  water  contacting  suriaces,  volatilization,  and  so  on. 

Tha  pilot  scale  evaluation  o(  conventional  treatment  processes  lor  the  removal  o(  the  spiking 
compounds  began  in  May  t987  The  pKol  plant  was  operated  for  a  period  ol  two  weeks,  and  sampling 
took  place  on  Ihe  las!  six  days  of  the  tun.  Samples  were  taken  ol  the  spiked  raw  water  Inliuenl.  the 
settled  water,  and  the  fHtefed  water  Duplicates  ol  33%  of  the  samples  were  analysed.  A  second  two 
week  run  was  completed  In  September,  1987 

The  pHol  plant  was  operated  under  the  tollowlng  conditions  Polyatumlnum  chloflde  was  used  as  the 
primary  coagulant  al  a  dosage  ol  8  mg/L  No  secondary  coagulant  was  used.  The  raw  water  was 
adjusted  to  a  pH  of  7.1  by  addition  of  2N  nitric  acid  Nitric  acid  was  used  rather  than  sulphuric  add  in 
order  lo  eliminate  any  Impact  of  tha  sidphate  Ion  in  the  coagulallon  process. 


RESULTS  AND  DISCUSSION 


Jar  Tests 

The  following  Is  a  brief  discussion  summarizing  tha  resulls  ol  the  more  than  80  sets  of  jar  tests 
performed  In  this  phase  of  the  study. 

The  Niagara  Falls  raw  water  used  during  the  |ar  testing  program  was  typically  characterized  by  a 
turbWfty  ol  t  -  2  NTU.  DOC  between  2  -  3  mg/L.  colour  ol  less  than  5  ACU.  pH  in  the  range  of  8,3  -  8.5. 
ar>d  aikailnlly  of  approximately  tOO  (as  mg/L  CaCOa). 

in  the  tests  using  primary  coagulants  only.  alum,  lerrlc  chloride  and  polyaluminum  chloride  had 
comparable  performance  when  evaluated  for  their  ability  to  remove  turbidity.  DOC,  and  UVA.  Filtered 
water  quality  from  these  tests  at  optimum  pH  and  dose  conditions  showed  lurbldilles  of  below  0, 1  NTU. 
DOC  levels  near  t.O  mg/L.  and  removals  ol  total  UVA  of  approximately  70  percent. 

The  optimum  pH  and  dose  operating  zones  for  the  three  primary  coagulants  tested  are  compared  In 
Figures  3,  4  and  5.  These  three  diagrams  outline  the  best  removals  by  the  primary  coagulants  ol 
turbidity.  DOC.  and  UVA  respectively.  The  area  above  the  plotled  lines  represents  water  quality  at  least 
as  stringent  as  0.1  NTU.  1.5  mg/L  DOC,  arxJ  removal  ol  total  UVA  ol  greater  than  60  percent, 
respectively. 
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The  best  IHtefed  waler  produced  by  each  coagurant  had  the  Inllowlng  chaTaclerlsllcs: 

TURBfDITY  OOC  %  UVA  REMOVAL 

Alum  0  05NTU  I.Omg/L  69% 

Ferric  0.03  0.9  60 

PAD  0  02  l.t  89 


Although  all  three  coagulants  gave  compareably  good  finished  water  quality,  It  Is  noted  (rem  these 
diagrams  (hat  the  optimum  pH  and  dose  ranges  are  difterenl  lor  each  The  table  below  summarizes 
the  'sale"  operating  dose  and  pH  requirements  o(  each  coagulant  In  order  to  meet  the  crilerta  o(  less 
than  0  1  NTU,  15  mg/L  OOC.  and  greater  than  60  percent  UVA  removal: 


TURB 

roiTY 

DOC 

UVA 

3AGUI-AN 

T      mg/L 

pH 

mg/L 

pH 

mg/L 

pH 

Alum 

12 

65 

16 

5-5 

16 

60 

Ferric 

8 

6.0 

8 

55 

B 

60 

PAO 

8 

7.0 

8 

7.5 

8 

7.5 

Less  pH  adjustment  Is  needed  lor  the  use  of  PACI  Ihan  for  alum  or  (erric  lo  achieve  the  best  water 
quality.  This  holds  true  lor  the  removal  of  all  three  of  the  parameters  tested. 

A  cost  comparison  of  the  three  primary  coagulants  was  undertaken  to  determine  the  most  economically 
viable  coagulant  system  at  the  pH  and  dose  conditions  that  resulted  In  the  best  water  quality.  Using 
suppliers  prices  for  delivered  chemicals,  the  costs  outlined  below  are  obtained. 

COAGULANT  pH  ADJUSTMENT 

mg/L       Cost  pH         Cost  TOTAL  COST 

Alum  12  2  60  6  0        9  33  11.93 

Ferric  0  !.90  60         9  33  1123 

PACI  B  7,05  7.2  1.70  8.75 

NOTE:  AM  cosis  are  In  $/t000  m'  of  treated  water. 


his  table  shows  thai  PACI  has  the  lowest  chemical  costs  per  1000  m^  of  water  treated,  followed  by 
(errIc  chloride  and  alum. 

II  Is  rioted  that  the  significantly  lower  cost  for  pH  ad|ustment  for  PACI  Is  due  Hs  higher  operating  pH 
of  7  2  This  Is  Important  lor  two  reasons.  First,  the  shape  of  the  titration  curve  of  alkalinity  In  Niagara 
Falls  raw  water  between  7  0  and  SO  requires  that  considerably  more  ackl  be  added  per  unit  pH 
Increment  In  this  range.  Second,  atum  and  ferric  require  Inhlal  pH  adjustment  to  6.0,  and  pH  Is  tunher 
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FIGURE   6 

ttUPCRAIURC  COUPARISON  or  AlUM.  P*Cr 
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lowefed  lo  iipproxlmalely  5  R  aher  adHltton  ot  Ihe  coagulants  It  Is  Iherelofi!  npcessary  to  rfiadjiwl  Ihe 
pH  of  the  (Inlshed  water  back  lo  a  value  of  close  to  6,5  This  Is  not  requtred  for  PAO  when  using  an 
Initial  pH  of  7  2,  since  Ihe  finished  water  has  a  pH  of  approHtmalely  7  0 

Although  the  use  of  ferric  chlorHe  resulted  in  a  finished  water  quality  compareable  to  Ihat  of  alum  and 
PAa,  the  settled  water  h»d  significantly  higher  lurbtdllles  al  all  pH  and  doses  tested  This  would  affect 
the  operation  of  the  pilot  plani,  or  a  full  scale  plant,  by  resulting  In  shorter  tiller  runs,  II  was  also 
discovered  thai  the  UVA  remaining  In  the  settled  water  was  much  higher  tor  ferric  chlorWo  than  for 
either  alum  or  PACl  In  fact,  the  UVA  removed  In  settled  water  samples  lor  ferric  chloride  was  less  Ihan 
to  percent,  compared  to  50  to  RO  percent  lor  alum  and  PACl  If  a  plant  were  to  be  operated  using  Ihe 
concept  of  mulllple  barriers,  then  the  system  that  provided  the  greatest  contaminant  removal  by  all 
unH  processes  would  be  preferred  A  system  operated  with  ferric  chloride  as  the  coagulant  would  run 
the  risk  ol  having  a  signlltcant  brealtthrough  of  DOC  In  Ihe  tiller  H  a  turbldliy  breaVthfough  occurred. 
This  Msk  would  be  greatest  when  using  ferric  chloride,  as  most  of  the  UVA  Is  removed  from  the  settled 
water  delivered  lo  the  inter  when  either  alum  or  PACl  Is  employed. 

The  use  ol  secorxlary  coagulants  did  not  enhance  Ihe  performance  ol  any  ol  the  pHmary  coagulants. 
In  some  cases,  particularly  with  PAC^,  the  primary  coagulant  alone  produced  better  llllered  water 
quality  than  when  used  with  a  secondary  agent.  Of  the  polymers  tested,  the  anionic  polymer  produced 
the  best  results  with  each  of  the  primary  coagulants,  suggesting  that  there  may  have  been  a  slight 
overdosing  of  coagulants  In  the  other  sytems  II  should  be  remembered  ihat  the  secondary  coagulants 
were  added  In  an  attempt  to  see  If  a  better  water  quality  could  be  achieved  at  the  optimum  dose  and 
pH  conditions  found  for  Ihe  primary  coagulants  alone,  it  was  not  undertaken  to  evaluate  whether 
addition  of  Ihe  secondary  agents  would  significantly  lower  the  primary  coagulant  requirement  and 
achieve  the  same  water  quality. 

Alum  and  PAC!  were  fudlier  evaluated  at  cold  temperatures.  Figure  6  shows  that  PACl  outperforms 
alum  for  turbidity  removal  at  higher  pH  values  In  cold  waters  as  well  as  at  warmer  temperatures.  The 
same  general  result  Is  obtained  when  measuring  UVA  reduction,  although  there  Is  an  Indication  that 
PAD  may  achieve  greater  UVA  removal  al  a  pH  near  7.0  than  alum  al  any  pH  In  cold  water.  Figure  6 
also  shows  tftat  the  performance  ol  PACl  for  particulate  removal  Is  affected  very  little  by  colder 
temperatures.  If  at  all.  These  two  coagulants  wtti  be  lunher  evaluated  when  the  pilot  plant  Is  operated 
during  winter  months. 

Based  on  Ihe  |ar  test  results,  It  was  decided  to  further  evaluate  the  performance  of  alum  and  PACl  In 
the  pilot  plant.  No  furhler  tests  would  be  conducted  with  ferric  chloride  or  the  secondary  coagulants. 


Plant  Evaluation  of  Jar  Test  Results 

In  a  manner  similar  to  Ihe  jar  test  experiments,  a  matrix  ol  pH  and  coagulant  dosages  was  Investigated. 
For  PACl,  dosages  of  t  to  (8  mg/L  were  used  at  a  fixed  pH  ol  7.2.  Then,  at  a  fixed  dose  of  8  mg/L.  the 
pH  was  varied  from  5  2  to  8  2.  The  raw  water  temperature  during  this  testing  was  14''C,  For  alum,  a 
fixed  pKI  of  6.2  was  used  to  lest  doses  of  8  to  28  mg/L  A  dose  of  t6  mg/L  was  then  maintained  while 
pH  was  varied  from  5.3  to  8.2.  The  raw  water  temperature  during  the  alum  evaluation  was  20  C. 
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FIGURE  8 

UV*  ftcmovol  in  Pilot  PlonI 


The  rpsutls  o(  this  pvniimllon  are  shown  In  Flguros  7  and  8.  which  respecllvely  show  the  removal  ol 
UVA  as  a  (unction  o(  dose  and  pH,  for  both  PACI  and  alum. 

These  resulls  demonstrate  that  PACI  and  alum  produce  similar  warm  lemperalure  water  quatllles  In 
the  pilot  plant  with  respect  to  tillered  water  turbidity  and  UVA  The  optimum  operating  conditions  are 
approximately  pH  7  2  at  a  dose  o(  8  mg/L  for  PACI.  compared  to  pH  6  0  and  a  dose  ot  16  mg/L  lor 
atum.  A  more  lavourable  operating  pH  condition  for  maximum  UVA  removal  exists  lor  PACI  than  lor 
alum  These  observations  confirm  the  |ar  lest  evaluations,  with  the  exception  that  the  optimum  dose 
o(  alum  required  In  the  pilot  plant  tests  was  16  mg/L.  an  Increase  from  the  bench  test  determination 
ol  12  mg/L.  A  cost  comparison  under  these  conditions,  as  conducted  In  evaluating  |ar  test 
pedormances.  resulted  In  a  cost  of  $8,75  /  1000  m^  lor  PAC,  compared  to  $12.70  /  1000  mMor  alum. 

As  a  result  o(  the  cost  comparison,  ft  was  decided  to  use  PAa  In  the  pilot  plant  tests,  at  a  dose  ol  8 
mg/L,  Further  pflot  plant  tests  were  conducted  with  PACI  to  better  evaluate  the  best  operating  pH  In 
the  range  of  6.9  to  7,2.  Based  on  the  results  o(  this  evaluation,  an  operating  pH  of  7.1  was  selected. 


Pilot  Plant  Evaluation  of  Conventional  Treatment  Process 
for  the  Removal  of  Spiking  Chemicals 

At  the  time  of  publication,  only  hail  of  the  resufts  for  the  organics  analysis  were  available.  TfHis.  any 
evaluations  made  on  the  removal  of  specific  SOCs  are  regarded  as  preliminary  A  summary  of  the 
resufts  of  the  first  six  analyses  for  the  seven  splhing  SOCs  monitored  In  this  phase  are  contained  in 
Table  1. 

These  initial  results  indicate  that  excellent  removals  were  accomplished  lor  decachlofoblphenyl 
(98  7%),  2,4.6-lrichiorophenot  (96%).  ar>d  anthracene  (82.2%).  Intermediate  removals  ol  p.p'DDT 
(51,6%).  and  pyrene  (39.7%)  were  observed.  There  was  virtually  no  removal  of  gamma-BHC  and 
naphthalene. 

A  complete  discussion  of  the  results  ol  this  experiment  cannot  be  made  until  the  data  set  is  complete. 
However,  a  general  discussion  regarding  lactors  that  possibly  describe  the  relative  amount  of  removal 
of  the  spihed  SOCs  can  tje  made  at  this  time. 

If  the  retattve  magnitudes  of  some  of  the  physicat  and  chemical  properties  that  influence  removal  are 
examined,  then  the  removals  of  most  of  the  spiked  SOCs  can  be  explained.  Tor  example,  ol  the 
compoufKts  considered  here,  naphthalene  showed  the  lowest  removal  In  fact,  no  naphthalene  was 
removed.  Among  the  spiking  compounds,  naphthalene  has  the  secorxl  highest  soiublHty.  the  lowest 
octanol-water  partition  coeHicleni  (Kow),  the  lowest  Freundilch  K  (adsorption  capacity),  and  has  one 
ol  the  lowest  potentials  for  binding  to  humic  materials.  Thus,  naphthalene  Is  probably  too  soluble  to 
be  removed  by  preclpllalion  It  Is  also  likely  lo  be  too  hydrophiHc  to  be  coprecip Hated  with  other,  more 
hydrophobic  compourxts  present,  ar>d  does  not  have  enough  alllnlly  for  particulates  to  be  removed 
with  them  by  colloid  destablllzatlon. 

The  same  arguement  can  be  extended  to  gamma  BHC  lo  explain  its  presence  In  the  finished  water 
samples  Both  pyrene  and  DDT  are  less  soluble  than  either  naphthalene  or  BHC.  tf>ey  have  higher  Kow 


TABLE  1 
SUMMARY  OF  INITIAL  RESULTS  OF  CONVENTIONAL  PROCESS  EVALUATION 


SPIKED  COMPOUND 

SPIKED 

IHFLUEKT 

SETTLED 
EFFLUENT 

HATER 

X  REMOVAL 

FILTERED 
EFFLUENT   1 

UATER 
REMOVAL 

Decachlorobi 

phenyl 

1.56 

0.281 

82.0 

0.020 

98.7 

2.4.6-Trichl 

oropenol 

14.00 

0.267 

98.1 

0.561 

96.0 

Anthracene 

9.62 

1.72 

82.0 

1.71 

82.2 

P.p'-DDT 

2.63 

1.68 

36.1 

1.27 

51.6 

Pyrene 

7.44 

5.57 

25.1 

4.48 

39.7 

gamma-BHC 

4.72 

3.84 

18,5 

4.70 

0.4 

Naphthalene 

2.98 

3.49 

-17.3 

3.26 

-9.5 

MOTE:   All  concentrations  are  in  ug/L. 


and  Frfiiindltch  K  valups.  ftnti  ate  more  likely  to  bind  lo  natural  humlcs.  It  woutd  therelore  be  expected 
thai  these  compounds  would  be  more  readily  removed  than  naphlhalene  or  BHC.  and  the  preliminary 
results  support  ihls  At  the  other  end  ol  the  scale,  decachloroblphenyl  shows  the  greatest  removal 
Amongst  the  SOCs  studied  here.  It  has  one  of  the  tov^est  sdubiltlles,  and  some  ol  the  highest  values 
lor  Kow  and  percent  bound  to  humlcs.  Therefore,  there  Is  a  strong  chance  that  decachloroblphenyl 
will  be  removed  with  paniculate  matter  by  destabillzatlon.  of  wilt  be  coprecipitated  with,  lor  example, 
metal  fulvaies. 

The  observed  excellent  removal  ol  Z.4.6-trlchlorophenol  cannot  be  explained  using  these 
generalizations.  This  chemical  has  the  highest  relative  solubility  of  the  spiking  group,  and  very  low 
values  lor  Kow.  Freundlich  K.  and  percent  bound  to  humlcs.  Using  the  arguments  presented  above.  It 
would  be  expected  that  Ihls  compound  would  be  very  poorly  removed.  Other  factors  may  be  InHuencIng 
the  removal  of  2.'1.6-tflcWorophenol.  such  as  InleracUons  ol  the  lunctlonal  group  on  Ihe  molecule  with 
metal  hydroxkJe  products  ol  the  coagulant. 

If  the  adsorption  of  the  spiked  SOCs  onto  the  water  contacling  surfaces  ol  Ihe  pilot  plant  is  a  signtllcani 
factor  In  the  removal  of  these  compounds,  then  It  must  be  slated  that  any  removals  reported  In  these 
experiments  are  an  overestimalton  ol  Ihe  removal  ability  of  Ihe  conventional  processes.  Adsorption  ol 
hydrophobic  compounds  will  likely  occur  In  a  lull  scale  plant  as  well,  but  Ihe  much  larger  surtace  area 
lo  volume  ratio  In  the  pHot  plant  makes  this  mechanism  far  more  Important  on  the  experimental  scale 
than  on  the  full  scale. 

A  more  formal  discussion  ol  the  removal  ol  Ihe  spiking  SOCs  will  be  presented  when  the  data  set  Is 
complete. 

The  presence  of  acetone  as  a  solvent  in  the  stock  solution  ol  spiking  chemicals  rendered  impossible 
any  meanlnglul  measurements  of  DOC  and  UVA  In  the  treated  water  However,  immediately  after  the 
spiking  compound  sampling  period  was  linlshed.  Ihe  pilot  plant  continued  to  operate  without  spiking 
solution  addllion  under  the  same  coagulant  dose.  pH  and  raw  water  quality  conditions,  DOC  and  UVA 
measurements  were  then  made.  This  gave  a  good  IrKjIcation  ol  Ihe  removals  of  ihese  parameters  during 
Ihe  period  ol  plant  operallon  with  spike  addition.  A  summary  ol  DOC.  UVA  and  turbidity  removals  are 
shown  In  the  table  below,  along  with  the  perlormance  ol  the  Niagara  Falls  Water  Treatment  Plant  in 
the  removal  of  these  parameters,  A  lesl  for  THMs  was  also  conducted  on  samples  from  the  pllol  and 
full  scale  plants  at  Niagara  The  pilol  plant  elllueni  samples  were  chlorinated  In  the  lab  to  the  same 
total  chlorine  residual  present  in  the  Niagara  Falls  WTP  at  the  sample  time.  The  result  reported  here  Is 
lor  the  three  day.  utility  THM  test. 


DATE            TEMP 

TURB 

RAW  WATER 
COLOUR 

DOC 

UVA 

TURB 

FILTERED  WATER 
DOC        UVA 

THM 

MAY 

Pllol  Plant          e  1 

Niagara  WTP 

2.2 

<5 

2.4 

0.165 

0.04 
0.22 

1,7 
2.1 

0-070 
0,075 

70 
260 

SEPTEMBER 

Pilot  Plant        21.0 
Niagara  WTP 

1.2 

<5 

2.1 

0.1 59 

0,05 
0  29 

1,3 
1,7 

0  066 
0.074 

This  summary  shows  Ihat  the  pllol  plan!  performed  conslslently  well  In  removing  particulate  and  natural 
organic  mailer.  Trealmem  In  the  pilot  plant  using  PACI  at  a  pH  o(  7.1  resulted  in  finished  waters  with 
lower  turbidity  arxJ  DOC  levels  than  the  Niagara  Falls  WTP,  This  plant  employs  alum  as  the  sole 
coagulant,  typically  at  a  summertime  dose  of  10  mg/L.  and  operates  at  the  ambient  pH  ot  8  3  The 
Bignlflcanlly  lower  THM  results  for  the  pilot  plant  elflueni  may  be  partially  explained  by  the 
precWorlnallon  ot  settled  water  practised  by  the  Niagara  WTP  The  pHol  plant  samples  received  only 
post  chlorlnatlon.  The  operational  summary  Irxflcates  that  filtered  water  turbidities  below  o  I  NTU  can 
consistently  be  achieved,  and  that  DOC  levels  o(  around  1.5  mg/L  can  be  reached  under  the  proper 
operating  conditions. 


CONCLUSIONS 

Alum,  ferric  chloride  and  potyalumlnum  cMorkJo  were  all  demonstrated  to  be  able  to  successfully 
remove  turbidity  and  natural  organic  matter  from  Niagara  Falls  raw  water.  Polyalumlnum  chtofWe 
produced  an  excellent  quality  ol  water  at  a  higher  pH,  and  was  therefore  to  be  the  most  economical 
coagulant  lo  use. 

The  optimum  pH  and  coagulant  dose  comblnallon  for  use  of  polyalumlnum  chloride  were  found  to  be 
pH  7.0.  and  a  concentration  ol  8  mg/L. 

The  use  ol  secondary  coagulants  did  not  enhance  the  performance  o(  the  primary  coagulants. 

Polyalumlnum  cWorkJe  performed  as  well  In  cold  water  jar  tests  as  In  warm  water.  Alum  was  found  lo 
perform  belter  In  warm  water. 

When  present  In  the  raw  water  supply  at  concentrations  around  10  ug/L.  decachloroblphenyl 
2.4.6-trlchlorophenol  and  anthracene  were  found  to  be  weH  removed  by  conventional  treatment  This 
Is  based  on  preliminary  observations  Pyrene  and  p.p'-DDT  exhibited  Intermediate  levels  of  removal 
while  gamma-BHC  and  naphthalene  were  shown  to  be  very  poorly  removed. 
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ABSTRACT 


With  HOE  funding  the  ATRG  has  collected  a  comprehensive  and 
detailed  database  on  the  acute  and  chronic  toxicity  and  the 
btoconcentration  of  selected  groups  of  organ Ic  chemical s: 
chlorinated  benzenes,  chlorinated  phenol s,  and  chlorinated 
ethanes  and  ethylenes,  as  we  II  as  some  mixtures  of  these 
compounds.  In  addition,  certain  water  chemistry  and  biological 
characteristics  of  the  test  organisms  used,  American  flagfish  and 
brook  trout,  were  obtained.  This  information,  in  conjunction 
with  literature  data,  will  be  used  to  address  the  following  three 
objectives : 

I).  Refine  and  expand  the  currently  established  relationships 
between  various  molecular  descriptors,  toxicity  test  results,  and 
bioconcentrat ion. 

Z).  Develop  slfiple  modeTs  to  take  advantage  of  the  relationship 
between  toxicant  body  burden  and  toxic  responses  to  predict 
various  toxicity  test  outcomes  and  their  time  course  (I.e. 
kinetics),  both  for  single  chentcals  and  mixtures. 

3).  Incorporate  provisions  in  the  models  for  accounting  for  the 
influence  of  certain  biological  and  environmental  factors  on  the 
resul ts . 

As  It  is  early  in  the  project  the  presentation  will  focus  on  the 
current  understanding  of  QSARj  in  Aquatic  Toxicology,  how  the 
data  set  will  be  used,  what  outcomes  are  expected,  and  their 
ultimate  utility. 


Quantttatlve  Structure-Activity  Relationships  For 
Organic  Compounds  and  Their  Mixtures 

Introduction 

One  of  the  nost  difficult  problens  currently  faced  by  regulato ry 
agencies  in  general,  and  the  Ontario  Ministry  of  the  Environment 
in  particular,  is  the  prediction  and  interpretation  of  toxic 
effects  of  environmental  pollutants.  The  problem  area  is  very 
broad,  encompassing  various  media  such  as  water,  air,  land,  and 
food,  various  organisms,  various  effects,  and  various  types  of 
chemicals.  We  have  chosen  to  focus  on  an  area  where  we  feel 
there  Is  a  good  chance  of  success  in  establishing  relationships 
which  can  be  used  both  immediately  In  some  practical 
applications,  such  as  regulation  development  and  enforcement,  and 
in  the  future  as  a  basts  for  more  sophisticated  investigations. 

Specifically,  we  have  chosen  to  study  the  acute  and  chronic 
toxicity,  as  well  as  the  bioconcentration  of  selected  organic 
chemicals  (singly  and  in  mixtures),  in  aquatic  organisms.  The 
objectives  of  the  project  are  as  follows: 

1.)    Refine  and  expand  the  rel at ionshlp( s)  between  molecular 
descriptors,  acute  and  chronic  aquatic  toxic tty  test 
results,  and  organism  bioconcentration. 

2.)    Investigate  biological   factors,   on  both  a   Intra-  and 
Interspecies   basis,   which  may   affect   the   accurate 
determination  of  the  above  relationships  and  examine 
methods  of  compensation  and/or  correction. 


3.)    Further  Investigate  one-conpartment,  first -order,  uptatce, 
elimination,  and  metabolism  constants  generated  from 
toxicity  and  bioconcentration  data  as  we  1 1  as  factors 
Influencing  quantification.   Also  Investigate  the  use 


of  more  sophisticated  multfcompart merit  models  and  noo- 
first-order  kinetics  with  this  approach. 

4.)    Incorporate  the  above  Information  and  relationships  into  a 
simple  microcomputer  model  which  will  provide  a  means 
interpolating  and  extrapolating  bioconcenlrat ion  and 
toxicity  test  data,  both  for  some  organic  chemicals  and 
Mixtures  and  for  several  modes  of  toxic  action. 

Methodology 
Data  Set 

For  over  the  last  seven  years  the  Aquatic  Toxicity  Research  Group 
of  Laiiehead  University,  with  financial  support  from  the  Ontario 
Ministry  of  the  Environment,  has  been  carrying  out  aquatic 
toxicity  research  on  a  variety  of  organic  chemicals.  A  summary 
of  the  chemicals  and  mixtures  tested  appears  in  Table  1. 

Table  I.   Organic  Chemicals  Tested  by  ATRG 


1,4  ■  di  chl orobenzene 
1,2,4  -  trichlorobenzene 

1.2.4.5  -  tetrachlorobenzene 
chlorinated  benzene  mixtures 

2,4,6  -  trichlorophenol 

2.3.4.6  -  tetrachlorophenol 
pentachlorophenol 
chlorinated  phenol  mixtures 

chlorinated  benzene-chlorinated  phenol  mixtures 

1,1,2  -  trlchloroethane 
1,1,2,2  -  tetrachloroethane 
chlorinated  ethane  Mixtures 

trlchl oroethylene 
tetrachloroethylene 
chlorinated  ethylene  mixtures 

chlorinated  ethane-chlorinated  ethylene  mixtures 


Thts  research,  which  appears  in  ATRG  project  reports  to  HOE, 
represents  a  particularly  unique  and  valuable  data  set  for  the 
objectives  of  this  Investigation.  Not  only  were  two  test  species 
employed,  American  flagfish,  Jordanel  1  a  f  1  Qrld^e  *"d  broolt  trout. 
Sal  vel  1  nus  IflJltilllU-i .  but  acute  toxicity,  chronic  toxicity,  and 
bioconcentration  data  were  collected  by  the  same  researchers 
under  the  sane  conditions  and  with  the  same  fish  stoclt.  In 
addition,  extra  effort  was  expended  to  ensure  that  all  analyses, 
including  water  characteristics,  water  and  fish  toxicant  levels, 
and  fish  lipid  levels,  were  particularly  thorough.  In  «any  cases 
sampling  was  carried  out  more  frequently  than  the  minimum 
requirement  and  several  analytical  techniques  were  adapted  or 
nodi  fled  to  Improve  accuracy. 

This  means  that  this  data  set  Is  the  most  suitable  of  any 
available  for  the  purposes  of  QSAR  interpretation  and  modelling 
as  many  of  the  usual  problems  -  different  test  organism  stoclts 
and  species,  varying  water  characterl sties,  different  analytical 
protocols,  etc.  -  have  been  minimized.  Other  data  sets,  such  as 
the  large  acute  toxicity  data  set  of  the  U.S  EPA-Ouluth  (Broolte 
•t  al.,  1984;  Geiger  et  al.,  1984}  and  others,  will  be  used  for 
supplemental  purposes  but,  despite  the  testing  of  many  more 
chemicals,  no  other  data  set  contains  such  a  complete  and 
thorough  evaluation  of  the  chemicals  that  were  examined. 

Investigative  Procedures 


The  study  can  be  divided  Into  two  basic  parts:  an  investigative, 
evaluative  portion  and  a  modelling  portion.  The  Investigative 
portion  will  focus  on  refining  and  enhancing  QSAR  relationships 
currently  established  between  various  molecular  descriptors, 
toxicity  test  results,  and  bioconcentration.  The  modelling 
portion  will  consider  how  best  to  Incorporate  the  toxicoliinet  Ic 
Information  derived  from  the  investigative  portion  of  the  study 
into   functional   models  reflecting  the  physiology  of  aquatic 


organisms,  the  characteristics  of  the  toxicants  in  question,  and 
typical  environmental  conditions. 

The  concept  of  relating  the  biological  activity  of  a  chemical  to 
its  physical -chemical  characteristics  has  been  under  study  for 
over  100  years  (Saxena  and  Ram,  1979).  Quantitative  structure- 
activity  relationships  are  widely  used  In  pharmacology  where  a 
variety  of  approaches  are  employed  in  addressing  a  diverse  range 
of  Pharmacol og I cat/tox I  col  og  leal  problems  (Blankley,  1983) .  In 
the  field  of  aquatic  toxicity  research  the  QSAR  approach,  for 
both  toxicity  and  bloconcentrat Ion ,  has  been  receiving  Increased 
attention  since  the  Bldl970's  (Velth  and  Konasewlch,  1975;  Velth 
et  al.,  1979;  Konemann.  I98I;  Hackay.  1982;  Velth  et  al.,  1983; 
Call  et  al.,  1985;  HcCarty  et  al,.  1985).  Although  much  of  the 
work  has  focused  on  using  the  octanol -water  partition  coefficient 
(usually  expressed  as  log  P  or  log  K^^)  researchers  have  been 
examining  the  use  of  other  molecular  descriptors,  such,  as  aqueous 
solubility  (Abernethy  et  al  .  .  1986),  "sol vatochromi c"  parameters 
(Kamlet  et  al.,  1987),  and  molar  volume  (Abernethy  et  al  . ,  In 
press)  and  their  relationships  with  octanol -water  partition 
coefficients. 

HcCarty  (1987  a)  has,  using  log  K^^  as  the  molecular  descriptor, 
reported  the  following  conclusions  In  study  of  acute  and  chronic 
toxicity,  bloconcentratlon,  and  molecular  descriptor 
Interrelationships: 


1  .  Acute  and  chronic  QSARs,  for  the  toxicants  and  species 
discussed,  using  log  K^^  as  the  molecular  descriptor. 
appear  to  be  parallel,  each  having  a  slope  of  near  unity. 


2. 


The   interrelationship   of   log   K^^,   bloconcentrat ion,   and 
toxicity  QSARs  allows  an  internal  (organism)  toxicant 
concentration  producing  a  defined  biological  response 


to  be  established.    Thus  a  means  of  quanttfying  and 
evaluating  the  toxlcological  significance  of  body 
burdens   of  organic   chemicals,   both   singly   and   in 
certain  Mixtures  Is  possible. 

3.  On  the  basis  of  this  Investigation  it  appears  that  the 
chemical  potency  or  inherent  toxicity  of  a  variety  of 
organic  chemicals  Is  relatively  constant,  when  expressed  in 
terms  of  the  organism  toxicant  concentration.  This  Is  valid 
only  for  the  nature  of  the  biological  responses  studied 
(acute  and  chronic  toxicity  test  results)  and  the  type  of 
toxic  action  examined  (narcotic  or  narcotlc-lUe  toxicity). 

For  example,  the  body  burden  of  toxicant  associated  with  acute 
and  chronic  toxicity  test  endpoints  for  the  narcotic  chlorinated 
organic  chemicals  and  aquatic  organisms  examined  was  estimated  to 
be  approxlBiately  2.0  and  0.2  mlllimole/L  (or  per  Kg  if  the 
density  of  the  organism  is  approximately  1.0;  McCarty,  1987a). 
The  relationships  for  chlorinated  phenols  were  similar,  although 
less  definitive,  and  indicated  that  body  burden  levels  about  ten 
times  lower  w6re  associated  with  the  test  endpoints  for  this 
group  of  chemicals  which  are  not  considered  to  be  narcotics 
(McCarty,  1986).  Acute  toxicity  for  a  series  of  simple  alcohols 
and  ketones  occurred  at  a  body  concentration  of  about  6.5 
■nilmole/L  (McCarty,  1987b).  Other  researchers  have  reported  a 
similar  phenomenon  at  a  different  biological  endpolnt; 
specifically.  Mack  ay  and  Hughes  (1984)  In  study  of  toxicant 
kinetics  were  able  to  determine  that  non  lethal  narcosis  (loss  of 
equilibrium)  In  goldfish  occurred  at  a  body  concentration  of 
about  5  ■nilnoles  of  toxicant  per  litre  of  fish. 


Probably  the  most  difficult  problem  faced  by  aquatic 
toxlcologlsts.  In  their  attempts  to  study  and  describe  the  events 
and  processes  of  toxicity,  Is  that  In  typical  testing  protocols 
the  test  organisms  are  treated  as  a  "black  box"  and  little  or 
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nothing  Is  known  of  either  the  uptake  and  distribution  or  the 
mechanisms  of  toxicity.  Although  this  has  occurred  primarily  for 
technical,  analytical,  and  cost  factors,  using  the  water  toxicant 
concentration  as  a  surrogate  for  the  toxicant  concentration  In 
the  organism  Is  limiting,  making  Interpretation  of  results  a  very 
complicated  task.  It  has  been  a  major  stumbling  block  which  has 
Inhibited  study  of  aquatic  toxicity  modelling.  Associating  a 
toxicant  body  burden  with  a  definite  biological  response  at  an 
exposure  time  known  to  allow  an  approximate  steady-state 
equilibrium  between  toxicant  in  the  water  and  the  test  organisms 
provides  a  means  to  solve  this  problem. 

HcCarty  {1987b)  was  able  to  show  how  the  approximately  constant 
body  burden  of  toxicant  associated  with  acutely  toxic  narcosis, 
derived  from  the  Interrelationship  of  K  ,  K^  and  toxicity  as 
discussed  above,  could  be  exploited.  In  conjunction  with  first- 
order,  one-compartment  model  assumptions,  to  estimate  toxicant 
kinetic  parameters.  This  was  accomplished  via  non-linear  curve 
fitting  to  time-toxiclty  data  from  typical  LC^q  toxicity  tests. 
A  preliminary  study  employing  a  snail  (14  chemicals)  data  set  of 
simple  alcohols  and  ketones  concluded  that: 

I.    The  differences  between  the  Internal  toxicant  concentration 
endpolnts   for   toxicity   and   bloconcentratlon   are 
proportional  to  the  bloconcentratlon  factor. 

Z .  This  proportional  relationship  can  be  used  to  convert 

kinetics  data  from  a  bloconcentratlon  basis  to  a  toxicity 
bas 1 s  and  v Ice  versa . 


3.    Quantitative  Structure-Kinetics  Relationships  -QSKRs-  can  be 
constructed  using  one-compartment,  first-order  kinetics 
constants  and  a  molecular  descriptor. 
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The  Investigative  portion  of  this  study  will  be  based  on  the 
concepts  discussed  above.  The  work  will  consist  of  employing  the 
ATRG  data  set,  as  well  as  a  broader  sampling  of  the  data  In  the 
published  literature,  to  further  study  and  refine 
interrelationship  of  molecular  descriptor,  toxicity,  and 
bioconcentratlon  and  to  use  this  to  derive  kinetic  constants  for 
use  in  the  modelling  portion  of  the  study.  Four  major  areas  will 
be  focused  on : 

1.  The  influence  of  choice  of  molecular  descriptor  on  the 
Interrelationship  of  molecular  descriptor,  toxicity  and 
bi  oconcentrat Ion . 

2.  The  effect  of  the  mode  of  toxic  action  (where  data  on 
aodes  other  than  narcosis  are  available)  on  the 
character  and  nature  of  the  QSARs. 

3.  The  Influence  of  environmental  and  biological  factors, 
such  as  water  characteristics,  temperature,  species, 
size,  and  lipid  content,  on  the  character  of  the  QSARs. 

4.  The  conditions  and  circumstances  when  the  conversions 
between  tox Ic i ty-based  and  bi oconcentratton-based 
kinetics  data  produces  reliable  data. 


Hodelling 


Unlike  the  field  of  mammalian  pharmacology,  modelling  in  aquatic 
toxicology  Is  a  relatively  recent  development.  Although 
modelling  of  bioconcentratlon  has  been  carried  out  by  aquatic 
toxicologlsts  for  some  time  (Spade  and  Hamelink,  1982)  the 
modelling  of  toxicity  has  been  less  successful  as  the  actual 
amount  of  toxicant  in  the  organism  when  a  biological  response 
occurs   Is   usually   unknown   or   not   quantified   (Zltko,   1979; 


Hanclni,  1983).  Thus  any  tox Ic t ty-based  kinetics  data  which  Is 
derived  Is  usually  of  limited  utility. 

Mith  the  ability  to  quantify  one-compartmen t .  first-order 
kinetics  constants  from  toxicity  test  data  and  to  convert  between 
toxicity-  and  bloconcentrati on -based  kinetics  constants  the 
opportunity  to  begin  realistically  modening  toxicity  Is 
obtained.  Although  a  wide  variety  of  areas  could  be  Investigated 
the  modelling  portion  of  the  study  will  focus  on  three  areas: 

1.    Model  type  and  level  of  sophistication. 

The  one -compartment ,  first -order  kinetics  model  Is  the  simplest 
approximation  that  can  be  employed.  Although  it  will  be  adequate 
for  the  purposes  of  the  initial  investigations,  more  complex 
models  should  give  better  descriptions  of  the  processes  involved 
and  results  obtained.   Four  areas  of  concern  are  Involved. 

The  first  Is  the  nature  of  the  kinetics.  Although  first-order 
kinetics  are  often  sufficient  for  describing  many  toxicant  uptake 
and  elimination  results  other  types,  such  as  zero  order  or 
Michael Is-Menten.  may  be  appropriate  Is  some  cases.  We  will 
examine  the  data  to  determine  If  there  are  any  benefits  to  be 
gained  and  If  It  1$  feasible  to  Incorporate  them  Into  the  model. 

The  second  Is  the  consideration  of  metabolism.  It  Is  usually 
assumed  that,  in  the  time  frame  of  the  typically  employed 
toxicity  and  bloconcent ration  tests,  metabolism  of  the  toxicant 
is  negl Igible.  We  will  Incorporate  a  provision  for  metabol Ism 
Into  our  model  and  investigate  If  there  Is  any  benefit  to 
attempting  to  account  for  metabolism  with  the  data  set  being 
empl oyed . 


The  third  Is  the  number  of  compartments.  Hultlcompartment  models 
are  widely  used  in  pharmacology  and  are  capable  of  being  more 
accurate  than  single  compartment  models.   Although  progressing  to 
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a  tHo-cotnpartment  model  may  be  possible,  simply  by  viewing  ttie 
organ) sn  as  having  separate  lipid  and  aqueous  phases,  more 
physiologically  accurate  Information  on  the  size,  chemical 
composition  and  blood  perfusion  of  actual  body  compartments  for 
aquatic  organism  of  various  sizes  Is  required  to  realistically 
employ  multicompartment  models.  Ve  will  be  reviewing  the 
literature  to  determine  (f  sufficient  data  are  available  to 
attempt  this. 

The  fourth  point  Is  the  actual  modening  technique  that  will  be 
used.  The  discussion  so  far  has  been  employing  the  conventional 
pharmacologic  terminology  and  approach;  however  Nacltay  and  his 
coworkers  have  been  proposing  the  use  of  a  somewhat  different 
approach  based  on  the  concept  of  "fugaclty".  Fish  toxicity  and 
bloconcentration  data  has  been  successfully  Interpreted  (Mackay 
and  Hughes,  1984)  and  multicompartment  mammalian  models  have  been 
successfully  described  In  terms  of  the  fugaclty  approach 
(Paterson  and  Mackay,  1987).  There  Is  a  distinct  advantage  In 
employing  this  approach  as  It  has  been  validated  for 
environmental  scale  toxicant  fate  modelling.  We  will  examine  the 
possibility  of  using  this  approach  In  tandem  with  the 
conventional  approach. 

2.    Interpolation  and  extrapolation 

In  attempting  to  extrapolate  the  results  to  other  circumstances 
the  primary  limitation  will  be  the  availability  of  addition  data 
to  test  the  hypotheses.  There  is  some  Information  on 
environmental  conditions,  such  as  temperature  and  pH,  and  they 
will  be  examined.  Given  the  very  significant  Impact  of  body  size 
on  kinetics  -  the  surface  area/volume  ratio  Is  a  major  influence 
on  the  rate  of  achieving  steady-state  equilibrium  in  objects  or 
organisms  of  different  sizes  -  and  with  fish  spanning  over  many 
orders  of  magnitude  In  size,  our  primary  goal  in  examining 
extrapolation  will  be  attempting  to  provide  a  means  of  scaling 
the  model  to  take  into  account  differences  In  organism  size. 
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Interpolation  hUI  focus  attempttng  to  resolve  the  problem  of  the 
Mmited  endpoints  available  from  toxicity  test  data  I.e.  a 
concentration  acutely  lethal  to  50%  of  the  exposed  population  and 
a  concentration  based  on  the  presence  or  absence  of  a  non-lethal 
chronic  effect.  Mayer  (unpublished)  suggested  that,  for  some 
aquatic  toxicants,  water  toxicant  concentration  produced  In  a 
typical  chronic  toxicity  test  is  essentially  the  same  value  as 
determined  by  estimating  the  probit  value  of  the  water 
concentration  approximating  0%  acute  mortality  In  typical  acute 
toxicity  test  data.  This  would  explain  the  essentially  parallel 
QSARs  found  for  acute  and  chronic  toxicity  of  narcotics  by 
HcCarty  {1987a).  We  will  further  Investigate  this  to  deteraloe 
'f  't  Is  possible  to  associate  body  toxicant  levels  with 
Intermediate,  non-standard  toxicity  endpoints  e.g  LC  25  or  LC 
75,  and  thereby  enable  model  1 Ing  to  become  a  more  diversified 
Investigative  and  Interpretive  tool. 


3.    Mixtures  of  toxicants 

Since,  as  noted  earlier,  within  a  particular  mode  of  toxicity  the 
organic  chemicals  of  the  group  are  essentially  equlpotent,  the 
toxicity  of  mixtures  of  chemicals  having  the  same  mode  of 
toxicity  should  be  additive.  However,  estimating  the  toxicity  of 
a  mixture  Is  not  simple  due  to  substantial  differences  in 
kinetics.  Using  the  toxicity  model  we  should  be  able  to  estimate 
the  body  concentration  of  each  component  of  a  mixture  and  then 
sum  the  total  for  comparison  against  body  levels  known  to  be 
associated  with  a  biological  response.  Validation  of  the 
toxicity  estimates  for  various  exposure  times  and  water  toxicant 
concentrations  will  be  attempted  using  the  observed  mixture 
tn»lr1tv  data  which  was  collected  as  a  part  of  the  ATRG  research. 


\2 


Expected  Benefits  of  the  Re?p;^rrh 


The  utnuy  of  many  of  the  benefits  expected  from  this  research 
will  ultlnately  depend  on  the  level  of  sophistication  which  can 
be  achieved  versus  that  which  is  appropriate  for  the  problem  In 
question.   However.  If  this  study  achieves  some  reasonable  level 
of  success  In  addressing  the  goals  which  have  been  outlined  above 
we  expect  to  be  able  to  generate  a  moderately  simple  computer 
"odel   for   Interpolating   and   extrapolating   typical   aquatic 
toxicity  test  data,  both  for  certain  groups  of  organic  chemicals 
and  their  mixtures  .   In  the  broadest  sense  such  a  model  should 
provide  a  useful  Investigative  research  tool  with  both  practical 
and   theoretical   aspects   which   ultimately   should   assist   in 
improvement  of  the  scientific  basis  for  aquatic  legislation 
development   and   regulation   enforcement   In   the   Province   of 
Ontario. 
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Abstract 

A  series  of  relatively  sltiple  calculation  procedures  Is  described  by  which 
Fhyslcal  chemical  data  of  a  chemical  can  be  iisetl.  In  cOTijunctlon  with 
estimations  of  water  concentration  (obtained  frcra  water  qvHllty  models),  to 
estimate  bioavailability,  bloconcentratlon,  blomagnlf icatlon,  acute 
narcotic  toxicity,  and  chronic  toxicity  for  aquatic  organisms.  An  exanfile 
Is  presented  to  illustrate  the  procedure.  A  rainber  of  confounding  factors 
are  discussed. 


Introduction 

The  purpose  of  this  paper  Is  to  present  a  relatively  simple  and  practical 
account  of  ho*  Quantitative  Structure  Activity  Relationships  (QSARs)  may  be 
used  to  predict  the  bloaccunulatlon  and  certain  toxic  effects  of  organic 
chemicals  In  aquatic  organisms.  The  procedure  outlined  Is  based  on  a 
research  project  which  has  been  supported  by  the  Ministry  of  the 
Envlrorment,  anA  has  Involved  experimental  measurements,  theoretical 
Interpretation  of  these  results,  and  analysis  of  the  results  of  other 
lorkers.  The  details  of  the  experimental  work  and  the  theoretical 
background  have  been,  or  are  being,  piAllshed  elsewhere.  The  project  has 
lately  involved  collaboration  with  L.S.  McCarty,  formerly  of  the  Ontario 
Ministry  of  Labour  and  now  at  tlie  University  of  Waterloo,  who  has 
Independently  been  pursuing  a  similar  series  of  studies.  We  have 
benefitted  greatly  frcm  several  QSAR  meetings,  particularly  two  arranged  by 
Dr.  Klaus  Kaiser,  of  the  Canada  Centre  for  Inland  M&ters,  sni  one  recently 
by  the  American  Chemical  Society  and  the  Society  for  Envlrorenental 
Toxicology  and  CJiemlstry  In  Denver,  Colorado.  Tlie  Interested  reader  is 
referred  to  the  references,  which  give  most  of  the  pertinent  results  and 
discussion,  many  of  these  papers  being  published  in  the  above  sources.  In 
this  paper,  wb  focus  cm  the  practical  atipiication  of  the  scientific 
f Indlnon. 


We  consider,  as  an  exan^jJe,  a  sltiation  In  wtilch  a  Jake  Is  subject  to 
relatively  mild  contamination  by  a  number  of  organic  clianlcals.  possibly  of 
Industrial  and/or  municipal  origin.  It  could  be  a  relatively  well-mixed 
lake  of  voliBie  lo7  ,3  (say  1000  m  by  1000  m  by  10  m  deep),  with  an  outflow 
of  bater  of  10,000  ni3/hour,  giving  a  residence  time  of  1000  hours,  or  42 
days.  Into  this  volime  is  emitted  an  effluent  8trea«,  possibly  of 
municipal  or  Industrial  origin  of  1000  m3/h  contalnlrq  1  g/m^  or  part  per 
million  of  a  specific  chemical.  If  tlie  chenlcal  is  conserved,  ie.  is  non- 
reactive,  then  a  siirple  steady  state  mass  balance  gives 

Inflow        =  outflow 
1000  m3/h  X  1  g/M3  =  10,000  oP/h  X  C  g/m3  «•  1000  g/h 
therefore  C    =0.1  g/m3  or  100  ug/L 

■nw  standing  or  steady  state  concentration,  C,  will  be  0.1  g/«3  or  100 
parts  per  billion.  Hils  is  essentially  an  elementary  water  quality 
analysis  or  prediction.  It  Is  possible  to  Include  reaction  of  the  chemical 
by,  for  exan^ie,  blodegradatlon,  exchange  with  ttte  sediment, 
volatilization,  and  other  processes  In  more  coin)lex  water  quality  models. 
It  Is  also  possible  to  include  stratification  of  the  water  column  arrf  treat 
time  dependence.  ITie  essential  point  Is  that  there  is  a  body  of  knowlei^e 
and  experience  which  can  be  used  to  take  the  loadlr^  data  of  1000  g/hour 
and  cctwert  it  into  a  standing  concentration.  It  is  noteworthy  that  this 
la  the  aE]proach  taken  by  the  Hiniatry  In  the  Hbter  Quality  track  of  the 
MISA  program. 

A  recent  IJC  report  (IJC,  1980)  describes  oany  such  models  in  the  context 
of  the  Great  Lakes  Basin. 

The  next  and  more  difficult  stage  Is  to  use  such  data  for  prevailir^ 
concentrations  to  draw  conclusions  about  the  infract  of  the  toxic  chemical . 
These  analyses  are  essentially  the  subject  of  this  paper.  Our  purpcee  is 
to  doncBistrate  that,  as  a  result  of  increased  knowledge  about  the 
fundamental  meclianlsras  of  bioaccumilatlon  and  tcocic  effects,  we  can  make 
sane  estimate  the  Impact  of  these  concentratlcns. 

There  are  three  effects  which  may  be  of  envlnarjnental  Interest: 
bloaccumulatlon,  acute  toxicity,  and  chronic  toxicity.  We  assume  that  ttie 
analyst  has  available  Information  an  the  prevailirq  concentration  from  an 
actual  measurement,  or  from  a  water  .juallty  model.  Also  available  are 
details  of  the  nature  of  the  aquatic  organisms  present  and  those  which  may 
be  notable  by  their  absence.  Information  on  the  chemicals'  properties  is 
accessible. 

Ms  treat  here  only  organic  chemicals,  not  metals,  oiysns-metals,  or 
inorganic  toxins  such  as  cyanide  or  arsenic. 


Ctiemlcal  Properties 

First,  it  is  es^pntlal  to  have  awallablp  information  on  chemical  strurture 
molecular  wight,  and  molar  volume.   These  and  othrr  prorertles  may  be 
obtairwHi  frrn  the  literature,  from  handbooks,  or  from  pibl  ished  estimation 
methods,  for  example,  the  aiEMEST  system  developed  by  Lynran  et  al.  (1982). 

Second,  a  most  Important  property  of  the  chemical  Is  Its  lipld-water  or 
octanol-water  partition  coefficient.  K^  (Flansch  arrl  r,eo,  1979)  This 
quantity  can  be  obtained  from  the  literature,  measured,  or  there  are 
available  contnerclal  data  bases,  such  as  CLOGP,  which  can  t»-  used  to 
estimate  It.  It  Is  usually  reported  as  log  r^j^,  also  known  as  log  P  If 
voter  solubility  Information  Is  available.  It  ran  also  be  used  to  estimate 
KqW  (Miller  et  al . ,  19B5:  Banerjee  et  al . .  1900).  The  significance  of  K^U 
is  tliat  It  measures  the  hydrophobic! ty  of  the  chemical  or  Its  tendency  to 
partition  into  the  lipid  phases  of  organisns. 

Third,  it  Is  useful  to  have  some  Indication  of  the  susceptibility  of  the 
chemical  to  metabolism,  preferably  in  the  form  of  a  rate  constant  or  a 
half-life,  unfortunately,  such  data  are  very  difficult  to  obtain,  but  for 
most  chenlcals  of  envirormental  concern,  metabolism  rates  are  quite  slow 
and  a  conservative,  or  warst  case,  assunption  can  be  made  that  thev  do  not 
react. 

A  recent  very  premising  approach  is  to  identify  the  structural  features  of 
the  molecule  which  appear  to  convey  degradablUty  {Nlanl  eta].,  1987). 
For  exaii^ile.  in  an  analysis  of  biochemical  oxygen  d™at»i  (BOD)  data,  wlilch 
is  essentially  a  test  of  susceptibility  to  enzymatic  conversion,  these 
authors  wre  able  to  identify  a  rnw*<er  of  features,  such  as  tlie  presence  of 
amino  acid  or  aldehydlc  groups  i+Uch  impart  deqradabl  llty  and  t-butyl 
temlnal  groups  or  multiple  siitjstltution  of  a  benzene  rings  which  impart 
recalcitrance,  le.  retard  degradablllty. 

Other  information  on  the  chemicaJ  which  is  of  use  incliries  any  reported 
data  en  toxicity  to  a  variety  of  organisms,  vaptjur  pressures,  aqueous 
solubilities,  sorption  partition  coefficients.  bioconcentratlcwi,  and 
blodegradablllty.  Contxiterlzed  processes,  such  as  CHEMEST,  can  be  used  to 
estimate  sane  of  these  properties  if  they  are  not  available.  It  is 
notewortliy  that  there  are  considerable  hazards  in  estimating  tliese 
properties  rather  than  measuring  them  directly,  thus  extreme  caution  should 
be  exercised  i*en  estimations  are  used. 


BloaccnuiuJatlon 

First  a  few  wards  of  definition  (Spacle  and  Hamellnk,  1982). 
BloccxKrentratlon  generally  refers  to  tlie  process  by  which  an  organism 
(usually  a  f  Isli) ,  v4»en  exposed  to  water  containing  a  concentration  of 
chonical  C^,  absorbs  the  chemical  frc»  the  water  arxi  adopts  a  higher 
concentration  Cpj .  The  ratio  Cpj/C^^  Is  a  bloconcentratlon  factor  (BCF) . 
The  fish  way  also  take  up  chemical  from  food  to  give  an  even  higher 
concentration  Cp2.  "Ow  ratio  Cp2/<\*  Is  a  bloaccimulatlon  factor  (BAF)  and 
Is  usually  measured  In  an  actual  lake,  rather  than  in  the  laboratory.  If 
tlw  food  concentration  is  Cg,  then  Cpj/Cg  Is  scxetlMes  referred  to  as  a 
blanagniflcatlcHi  factor  (BMP) . 

Care  must  be  exercised  because  authors  use  different  definitions  and  blotic 
concentrations  (and  hence  these  factors)  can  be  expressed  on  a  wet,  dry,  or 
lipid  (fat  content)  basis. 

The  slB^lest  analysis  is  to  assune  that  the  organism  of  interest  achieves 
et^llibrlin  with  water.  A  good  first  assvmption  is  that  the  lipid  portion 
of  the  ors^nian  is  equivalent  In  properties  and  amount  to  octanol,  then  ttie 
concentration  in  organien  lipids  will  be  simply  the  product  Kqw.C^,  where 
Kqw  is  the  chemical's  octanol-water  partition  coefficient  and  C^  is  the 
vater  concentraticwi.  For  exainile,  if  the  water  concentration  is  0.1  g/m3 
and  Kqw  Is  lOOO,  then  the  concentration  in  the  lipid  will  be  100  g/m^.  If 
the  organism  consists  of  5«  lipids,  then  the  t4nle  body  concentration  will 
be  0.05x1000  or  50  g/m3.  For  most  fish,  lipid  contents  are  in  the  range 
frcn  3  to  15%.  Justification  for  this  sffiroach  has  been  discussed  by 
hbckay  (1982). 

There  are  at  least  eight  possible  reasons  for  deviation  from  this 
situation.  . 

!-  If  log  Kqw  is  lor,  le.  less  than  1,  the  substance  (usually  a  very  water 
soli^le  chemical,  such  as  an  alcohol)  displays  an  almost  equal  tendency  to 
partltlcti  between  lipids  and  water.  The  result  is  that  the  extent  of 
bloaccunulation  will  be  underestimated,  because  a  slgnlflcasit  part  of  the 
chenical  will  be  present  in  the  water  phases  of  the  organism.  A  convenient 
"correction"  is  to  add  1.0  to  Kqw  (not  log  Kqm)  to  account  for  this  effect. 

2-  If  log  Kqm  Is  very  large,  le.  greater  than  6,  bloaccunmlatioii  tends  to 
be  overestimated.  This  is  a  particular  problem  when  log  Kqw  reaches  7  or 
8.  The  reasons  for  this  are  not  entirely  clear,  as  has  been  discussed  by 
GtAas,  et  al .  (1987),  but  a  sirple  procedure  la  to  assune  that  chemicals 
with  a  log  Kqw  exceeding  6.5  have  values  of  6.5.  This  first  order 
correction  li^iroves  the  predictlOTi,  but  may  still  cause  over  estimation  in 
seme  cases. 


3-  If  tlio  crtnpr^iivl  in  sirtij*>ct  to  mr-tnlTil  Ikw,  tlim  t\\r*  hirvirnimiint  Inn  will 
bp  nviprestlireilrerl  heraiifie  tlip  org^ml;™  In  ahip  to  tJngrniV  tlt^  cnn|)rnind 
Intprttallv-  In  sudi  ca^.=-!,  tli»?  coticFnitrnt Ion  in  thn  orcpnl'™  wMJ  br  1p*« 
tlian  calculatpd.  It  In  vpry  dirfimlt  with  thp  prpsent  st?itp  of  knnwlotilge 
to  predict  th»?  wttent  of  ttils  dpcr^a^e.  TIf?  best  approich  is  to  si^arch  for 
a  reported,  "field"  blocntirentrat  Ion  factor.  Exanfjles  of  this  arp  tlie 
polynuclear  amnatlc  hydrorarbona  which  bloconrptitrate  Jess  tlvin  ext"?rtpd 
bpcause  fJsh  arw  able  to  mptatxillze  tlie*  (Southworth  et  al.,    1970). 

4-  There  may  be  a  food  clviln  effect.  Hat  Is,  orgfWilnnig  receive  chemical, 
ni>t:  only  frnii  i«iter,  but  by  eating  other  organisms,  and  by  (J«iing  so,  thpy 
tend  to  Increase  their  concentration  above  that  In  equilibrium  wHIi  water, 
/yi^ln,  tlie  magnlttide  Is  difficult  to  assess,  but  a  sdifrle  rule  of  thimb  Is 
that,  for  each  step  in  tlie  food  chain,  the  concentration  Increases  beycuirl 
that  expected  by  equUlhrlim  considerations  by  a  factor  of  about  3.  Tltis 
applies  for  chrmlcals  of  log  1^  exceeding  abcnit  4.  If  log  K^  Is  less 
than  4,  there  appears  to  t)e  an  Insignificant  food  chain  effect.  This 
effect  Is  still  not  well  docrwiented,  but  will  be  In  forthcoming 
publlcatlcns   (Oliver  and  Hllml,    1987;   Connolly  and  Pederson.    1987). 

5-  It  may  be  that  the  organism  has  not  had  sufficient  time  to  take  up  the 
chanical  and  achieve  e-^uillbrluni.  This  ocairs  particularly  In  laboratory 
situations.  The  effect  tends  to  be  that,  when  Kq^  exceeds  about  5,  ttie 
organism  has  a  lot^'r  concentration  than  expected.  Growth  also  causes 
dilution  of  the  concentration,  and  this  may  also  contribute  to 
concentrations  i>4iich  are   lower  than  expected   (htickay  and  Ifughes.    1984). 

6-  "Hiere  may  tje  reduced  bloavallabllJly  of  chemical  In  water,  that  Is,  not 
all  chaMical  In  water  Is  truly  In  dissolved  form  and  available  for  uptake. 
The  primary  conpetltor  for,  or  eortier  of.  a  chemical  Is  any  organic  carbon- 
contalnlng.  matter  suspended  in  water.  If  we  assime  that  tlie  organic  carbon 
is  ef^lvalent  to  octanol,  then  the  fraction  of  cheailcal  which  Is  In  true 
solution  la: 

Fraction  dissolved  >  1/(1   *  KohCo) 

v#iere  Cq  Is  the  organic  carbon  content  of  the  water  (g/g) .  Mote  ttiat  Cg  Is 
usually  reported  In  mg/L,  not  g/g.  For  exanfile.  If  log  Kfj^  Is  4  wid  Cq  is 
10  mg/t.  or  KT*  g/g,  then  the  fraction  dissolved  is  0.91,  9*  being  sorbed 
and   "unavailable" . 

7-  The  chemical  may  display  unusual  properties,  for  example.  It  may  Ionize, 
it  may  have  surface  active  (or  surfactant)  properties,  it  may  chelate,  or 
It  may  vary  In  nature  between  metallic  and  orgsio-netalllc  forms.  In  such 
case,   special   treatment   Is  necessary- 

8-  If  the  organism  Is  lienthlc  In  nature,  then  the  concentrations  In  It  may 
be  more  indicative  of  those  prevailing  in  the  sediments  than  in  the  wnter 
coltmn.  Special  treatment  is  again  necessary.  This  Issue  has  been 
discussed  recently  by  l^ckay  et  al,    (1987). 


It  Ig  onptiaslzed  that  there  la  no  substitute  ftir  carefully  measured  ani 
reported  field  bloaccumilatlon  factors.  Second  In  preference  Is  a 
reported  laboratory  bioconcentration  factor,  and  third,  the  predicted 
factors  outlined  above. 

For  mixtures,  the  best  assumition  is  that  all  chemicals  behave 
Independently,  thus  tlie  total  burden  of  chemical  can  be  calculated  fnan  the 
sum  of  the  individual  burctens  calculated  as  above. 

Acute  Karcotlc  or  Non-selective  ToxlcltY 

The  slnplest  manlfeatatlcn  of  tcotlcity  is  narcosis,  anaesthesia  or  non- 
selective toxicity.  This  has  been  widely  stuiied  and  the  results  subjected 
to  QSAR  analysis.  Narcosis  Is  generally  a  rapid  process  airf  is  usiially 
reversible.  It  may  not  result  In  innedlate  death,  but  an  organism  Mlilch  is 
subjected  to  prolonged  exposure  to  narcotic  ccncentratlcffis  inevitably  dies. 
This  is  the  usual  test  undertaken  In  the  laboratory  wltti  a  diu-atlon  of  48 
or  96  hours.  Characterization  of  the  nature  of  this  process  has  been  a 
major  task  of  this  Ministry  sponsored  research  QSAR  project,  arul  frrm  the 
results,  vte  have  developed  a  relatively  simple  procedure  (Abemethy  et  al . , 
1987)  Mhlch  is  based  on  the  following  principles. 

The  target  site  In  the  organism  at  t4ilch  narcosis  occurs  is  clearly  organic 
in  nature  and  has  properties  similar  to,  but  not  identical  to,  that  of 
octanol.  We  can  estimate  a  target-to-water  partition  coefficient  from  the 
chemicals'  octanol-vater  partition  coefficient,  and  then  using  the  water 
concentration  calculate  wlrat  the  concentration  of  the  climicaj  at  the 
target  will  be.  Mb  can  then  canpare  this  concentration  with  the  value 
v*ilch  we  believe  causes  the  toxic  effect.  We  prefer  to  calculate  this 
target  concentration  in  units  of  volume  fraction  because  it  is  believed 
that  the  narcotic  effect  is  caused  by  a  "swelllr^"  of  seme  critical  target 
tissues  to  the  extent  of  only  about  IK  as  a  result  of  incorporation  of  a 
narcotic  cheaaical.  By  volume  fraction,  we  mean  volume  of  chealcal  per  unit 
volirae  of  target  tissue. 

A  note  of  caution  Is  appropriate  here.  There  is  a  coraiderable  literature 
on  narcosis  and  anaesthesia  dating  back  nearly  150  years.  In  particular. 
there  has  been  intense  effort  devoted  to  understand ii^  the  mrfe  of  action 
of  anaesthetic  gases  In  hinnans,  but  the  topic  remains  controversial.  The 
slRpie  "swelling"  model  is  consistent  with  the  observations  arei  can  be  used 
to  generate  a  predictive  correlation,  but  it  may  not  represent  the 
[iiysiologlcal  reality  (Evers  et  al.,  1987). 

An  Inportant  feature  of  this  simple  enalysls  Is  that  we  treat  all  aquatic 
or^nisBB  as  equivalent  in  sensitivity. 
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Thp  first  task  Is  to  calculate  the  target  water  partition  copffirJent,  K-p^, 
fron  the  octatKil-^«ter  partition  coefficient.  We  have  deveioped  the 
folioMlng  equation: 

*^TW  =  tW'^  o*"  1°9  ^T»  =  0.8  log  Kqw 

For  ejtanple.  If  Kgw  Is  100,000,  log  K^w  Is  5,  K-™  Is  10,000  and  leg  K^y,  Is 
4.  W?  then  calculate  the  product  K-j^.Cw-V.  10"^  or  y.  The  units  of  these 
quantities  are  In^xirtant .  K-j^  is  dlmenslonless.  V,  tl»e  chemical's  molar 
volume,  has  units  of  cm^/mol.  For  most  ciianlf:als.  It  lies  In  the  range  of 
50  to  300  cm^/mol  and  is  the  molecular  weight  (g/mol)  divided  by  llq<ikl 
density  (g/cm^) .  A  slnple  procedure  Is  to  assume  a  density  of  0.8,  thus  a 
molecular  weight  of  160  becrines  a  molar  volime  of  200.  C^  Is  concentration 
in  water  in  units  of  mol/m^ .  tf  (\j  Is  given  in  mg/L  (or  equlvalently 
g/m^i,  it  must  be  divided  by  molecular  weight  to  give  mol/m-'.  Tlie  factor 
10"^  Is  used  to  convert  from  c\i)lc  centimetres  to  cubic  metres.  The 
product,  y,  Is  then  the  volume  fraction  of  toxic  chemical  at  the  target 
site.  A.S  a  result  of  our  work  and  interpretation  of  that  of  others,  we 
have  established  the  following  "rules": 

If  y  exceeds  0.01,  then  a  narcotic  effect  Is  virtually  certain. 

If  y  Is  less  than  0.001,  the  narcotic  effect  is  probably  absent  In  the 
short  term. 

If  y  Is  Intermediate,  then  the  organism  will  be  under  stress,  and  Its 
behaviour  and  performance  will  be  adversely  affected  by  the  presence  of  the 
chemical,  but  It  may  not  suffer  short  term  Incapacitation  death.  Tlie  cut 
off  for  exposure  over  a  period  of  2  to  4  days  for  50%  of  org?nisn«  apppars 
seems  to  be  a  value  of  y  of  abcut  0.006.  We  present  later  sn  example  of 
such  a  calculation. 

For  mixtures,  we  again  assimte  that  all  chemicals  behave  Independently, 
calculate  y  for  each  cliemlcal,  then  add  than  to  give  a  total  y.  The  total 
y  can  then  be  used  to  deduce  the  likely  effect.  This  simple  procedure  can 
be  used  to  check  the  acute  toxicity  of  prevailing  concentrations  In  lakes. 
It  can  also  be  used  to  estimate  vHiether  effluents,  or  regions  close  to 
effluents,  are  acutely  toxic. 

Again,  there  Is  no  substitute  for  actual  measurnment  of  toxicity,  thus  If  a 
measiu^  LC50  is  available,  it  should  be  used  in  preference  to  the 
estimation  procedure. 

Increasingly,  we  favour  the  use  of  smaller  organisms  which  are  able  to 
respond  more  quickly  to,  tut  are  not  necessarily  more  sensitive  to, 
chonlcals.  An  ideal  situation  is  one  In  »4ilch  the  effluent  or  water  la 
subjected  to  a  toxicity  test,  results  are  obtained,  and  these  are 
Interpreted  using  tJie  above  procedure.  Strategies  can  tlien  be  adopted  to 
ranove  the  chemlcal(s)  v*ilch  contrlbutefs)  most  towards  the  toxic  burden, 
le.  contribute  most  tcxards  the  total  y.   It  is  not  always  clear  which  this 


is,  especially  because  chemicals  vary  enormously  In  ttielr  values  of  K^^  and 
KxW.  thus  a  low  concentration  of  one  cliemical  may  have  a  much  greater 
effect  than  a  high  concentration  of  another. 

Again,  there  are  several  problems  and  confounding  cxxisideratlans.  Tlie  most 
Infnrtant  Is  the  time  for  uptake.  Very  large  organisms  Bay  be  slow  to  take 
up  chemical  of  large  Kqw,  therefore,  the  narcotic  effect  may  be 
considerably  delayed.  This  Is  a  particular  problai  in  laboratory  tests  In 
Mhich  results  are  desired  In  a  few  days.  The  best  procedure  Is  to  use 
smaller  organisms  which  respond  more  rapidly,  applying  essentially  the  same 
principle  as  the  mine  canary.  It  is  especially  important  for  substances  of 
high  Kqh  and  low  water  solubility  because  these  chenicals  experience 
difficulty  in  moving  throng  water  ptiEises  to,  and  within,  the  organism. 
The  probloBB  of  bioavailability  and  locilzaticn  are  also  important  In  this 
context. 

Many  chailcaJs  prove  to  be  considerably  more  toxic  than  is  estimated  by 
this  route.  Tliese  tend  to  be  electro^iil les  and  exert  a  specific  toxic 
effect.  They  are  Involved  In  specific  chanical  interactions  with  chemical 
constituents  of  the  organism.  It  Is  also  possible  that  the  citemical  forms 
metabolites  or  other  breakdown  products  v4ilch  are  more  toxic  than  the 
parent  cheffllcal.  An  exanple  v4ilch  we  have  come  across  experimentally,  and 
in  the  llteratvire.  Is  anthracene,  which  photolyzes  and  gives  rise  to  active 
oxygen  species  which  exert  the  primary  toxic  effect  (Oris  and  Glesy,  1985). 

Oironic  Tdxicity 

For  chronic  toxicity,  we  use  a  similar  approach  to  that  discussed  by 
McCarty  (1985,  1987).  Again,  we  calculate  an  Individual  or.  In  t^ie  case  of 
a  mixture,  a  total  y.  The  limits  of  y  are  much  less  well  defined,  because 
the  experiments  are  much  more  difficult  to  conduct  and  data  are  sparce. 
Froi  an  analysis  of  the  literature,  McCarty  has  concluded  that 
concentrations  about  a  factor  of  10  less  than  the  acute  values  cause 
chronic  effects.  Others  use  a  more  conservative  factor  of  about  25 
(Ralston,  1987),  and  In  Michigan,  a  factor  of  45  Is  used  to  ensure  that  the 
procedure  Is  correct  in  80*  of  the  cases.  The  ratio  of  acute  to  chronic 
toxicities,  or  LCSOs,  varies  considerably  between  chemicals  and  between 
organisms.  For  exaa^le,  in  the  Micliigai  DWR  analysis  (State  of  Michigan, 
1984),  this  ratio  varies  frcn  1.35  for  hexachlorocyclopentadiene  to  472  for 
beryllium.  Many  metals  have  very  large  ratios  Mhlch  can  be  interpreted  as 
a  situation  In  vHUch  a  toxicant  acts  in  a  slow,  sidstle  manner;  a  lew 
concentration  causes  death  in  the  long  term,  but  a  large  short  term  dose 
can  be  tolerated.  The  use  of  a  factor  of  10  to  15  gives  a  fairly  reliable 
result,  but  greater  assurance  that  the  results  are  conservative  can  be 
obtained  by  increasing  it  to  25  (70X  "correct")  or  45  (80S(  "correct").  We 
use  the  same  rules  as  before,  but  divide  each  y  by  a  factor  of  10,  ie. 

-  If  y  >  0.001,  chronic  toxicity  is  certain 

-  if  y  is  D.OOl  to  0.0001,  chronic  toxicity  is  probable 

-  if  y  Is  0.0001  to  0.00001,  chronic  toxicity  is  unlikely  but  possible 

-  if  y  <  0.00001,  chronic  toxicity  is  almost  certainly  absent 


fj^     ^   M  °'^''  ^''"^  '""'^^^  "^  °^'^'^-    f°»-     -«nn,ple,    failure  to 

f^.      failure     to     r^lst     or     avoid     predators,      failure     to  ;ep^ie  or 
Interference  with  cl.«no-sf-nsing     systero.  T}y,^     ^ffpctc,     r^,,     .w^ 

population.   altl..^h     t.«.  Indlvldu^     or^anls™  ^tl^     ^  r^U^''^,: 
anajysls  again  applies  only  to  non-selective  tcotlcity.  '"^^^on-     TTiIa 


Genotoxlc  Effects 


£i  ^^^»,  .^^  f*  "°^  ^^*^  ^  '^^^  enaly^ls.      and  a  chemlc;>l 

^M^^       ..^"^"^"^     *''     "^^-  /^^'^ts  are  being  made  to  develop 

structure-activity  relatlcnshlpe     or     analysis     based     on     tl^     pre<:enre^ 

^  sc^^^'     ^'■^'    ""^^     ^  nltrx^a^ines.   but  this  l^su^TS^ 


Discuss  Icm 


^^ts  S  iS^T7  "^  '^  non-selectlve  toxicity.  It  contains  some 
elonents  of  speculation  and  much  inor«  data  are  needed  for  a  varletv  of 
chenicals  and     oi^anlsms  before  It  can  be  fully  validated.      Wb  believe  that 

respond  '"^'^rapldly^  TT^  tests  are  faster,  le^s  dmanding  of  time  aS 
resources,   and  are  cheaper.  iher^     is     a     real     need     to     develop  better 

c^ic  :St  "^'*M""  /"'■  "  ^^''^^  °'  or^anis^  arxi  tHitai^l^re 
r™^^  Tlf  *%^^^  ^  "^  *°  *^^^°P     ^"^  Btandarrlise     more  tests 

t^!S     !JT"  ^^     ?I     organisms.  Table  1  gives  an  e^anple  of  current 

J^^i^^n  ^  ^^^^  °^  *^^^  suitable  for  C^dl;^.  conditions 
iS^M^         ?™'^'      '^"'-  "^^"5     *^     procedure  outlined  her^.    It   is 

ETtn     mJ°  "^T  a  Judgement  about  likely  toxic  effects,     "me  tendency  will 

^tlvltT^  rl^fr  M^.^°^^*^'  "P^^'^iy  f°^  cl^nicals  which  havi  high 
^^1  ^*  !^l^  *'^"'  ^'*  'gently  discussed  the  nature  of  the^e 
chmlcala.   and  the  reader  le  referred  to  that  [«per  for  more  details 

^?^'';f  Trr.i"^r^^^  K*^'  '^"^  ^'^  "^  sutetltute  for  actual  measured 
iSmTn?     ^^       ^  °y     bl^^=^™l3tlon     parrm^ters.  Unfortunately,    for 

^i^j\     ^  chemicals     of     concern     In  Ontario  waters,   such  data  are  .«t 

^i™tli.n^::^^'^'T^*°  ^"'■^  *°  -"nation  procedures.  Such 
estlimtlon  procedures     also  serve  to  "check"  tlie  re«r,r«hior™,«  „*  -™ *-j 


estlimtlon  procedures     also  serve  to  "check"  tJw  reasonableness  of  reported 

^t  IT,""  '^'^Sl'-        ''     '^     '-^     «»^     -B     a     result     of  ^tl^ 
Investigation  and     theoretical  analysis,      it  will  be  possible  to  refli 
process  sketched  here  to  provide  a     more  reliable     organism-specific  , 
of  calculating  the  irr^wjct  of  organic  chaidcals  on  aquatic  ecosystems 


TabU  1. 


XaCIvaal  Gsra  Aqaacl*  Taalcltr  Taaca  (of  Ctf  Labstatarlaa 


Taat  T)rp*/fLaa|ton«a 

Taat  Sfactaa 

LachatUr> 

fraahvatvr  ftah  -  •oTtalltr 
aatuatlna/aarlna  tlih  -  aortalltr 
(raalnitBT  taitttabrata  -  aortalltf 
■arlaa  [avatttbtata  -  aetcalltr 
•arloa  iBiattabrata  -  aartalltT 

SalBD  |ali4nrtl  (ralnbno  tToiC,  kaalonpa,  ataalhaad) 
Gaataroataua  acolaalu*  ()-aplna  atleklaback) 
Daphnli  aaiaa  (watar  (1(a) 
Arlaala  ap-  (brlna  ahrlap) 
(■hcpeitnlaa  abronlua   (aaphlpod)] 

labtatbilltr 
ftaahvatat  (tah  -  kIT   (trtia  (phyalolaileal) 
traahwatar  flah  -  lafval  frovTh  Inhlbltlaa 
trvahuatar  Inaaitabrata  -  taprodactloa 
(caahuatar  ilfaa  '  irOHtli  Inhibit  Isn/atlvolat  la* 
bactatla  -  laalntacanea  Inhibition  (Batabatlc) 

Salao  lalrdnctt 

Ftaaphalaa  praaalaa  (fathaad  alaflau) 
Daphnia  aaina/Carlsdaphnla  ratlcvlata' 
SalanaatTua  caprleornutua  or  athart 
fhatobacCattua  phoaphsraoa 

Caaatatlclty 
baetatla  -  Dark  Nucaat  Taat/S03  Chiaaotaat/kMa  Taat> 

lachaTlchla  eall/K.  eall/Sataanalla  trphlsarluB 

*laa>allabltltr 
traahuatar  and  aarlna  flah  -  blaaecuMlattaa 
■arlna  aatluac  -  blacoacantratlan 

f.  lalrdnait,  C.  aculaatu*,  t.   praaala* 
IKacoM  balthica  (ela>>| 

■laJaiTadabllltf 
■lia4  aaiablc  haetarlal  caltuta  (OCCD  aailaa) 

I.  Ineladaa    lacipaettatlon/laBntallltatlon 

!•  apaclaa   to  ba  addcaaaad   In   pratocala 

1-  altarnatlaa   taati    far    lndtcatln|   (""("'('''f 

I  I  Janotaa  taata  aad/or   apaclaa  baln|  aaalaatad  tor  palaatlal   uaa   la  Ociaa  th«pln|  Control 
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topendlx 

Exanpla  of  QSAR  Application 

T^le  k  I  gives  data  for  four  hypothetical  choalcala  and  their 
concentration  In  the  lake  discussed  earlier. 

The  lafce  has  a  voliane  of  lo7  ^3  and  receives  a  total  flow  of  10*  a^/h, 
giving  a  residence  time  of  1000  hours.  There  is  an  effluent  of  1000  n^/h 
containing  these  four  chanlcals  at  various  ccncent  rat  lens.  The  lake  is 
ofaserved  to  have  an  unstable  fish  population  with  periodic  fish  kills.  It 
is  suspected  that  there  is  no  fish  reproductlcn. 

Ms  discuss  each  chemical  In  turn,  calculating  the  prevailing  concentration 
frcK  tl«  aeasured  loading,  then  Interpreting  the  bloccncentration  and 
toxicity  calculatlona  using  QSAR  techniques. 


Table  A  1 
OiMlcal 


Itolecular  mass  (g/nol)  160 

Holar  woluae  cak^/aol  200 

log  KoH  3 
Effluent  cone.  g/iH  or  ng/L    10 

lioallr^  g/h  10000 

Lake  ccnc.  g/a^  1 

Lake  cone/  ■o1/b3  0.006 


ISO 

200 

300 

230 

280 

376 

4 

5 

6.S 

3 

.01 

6CK10-8 

3000 

10 

0.06 

0.3 

.001 

6x10-6 

0.0017 

6x10"* 

20x10-9 

Bloccncentrat  icn  factor  (1)    50 
riah  oonc.  ug/g  60 


500       5000  [6001(5)  166000 
ISO  6[0.9](6)  1.0(6) 


log  KtH  (2) 

y  (3) 

Ei^pected  acute 

LCOO  g/a3    (4) 


2.4 

252 

0.0003 

19 


3.2 

15B0 

0.0006 


4 

10000 

0.00001 

O.S   (0.02)(6) 


5.2 

166000 

10-6 

0.03 


Not* 

U) 

(2) 
(3) 
(4) 
(6) 

(6) 


1%  calculated  as  0.05  Kfj^f 

log  K]^  Is  0.8  log  Kq^ 

y  is  Lake  cone.    (iK>l/ffl3)   x  K-^yj  x  Molar  vol.   x  10'^ 

Acute  LC50  estimated  as  0.006/(Krv-M3lar  vol.lO-G) 

Reported  values.    In  parentheses,   differ  froa  QSAR  values  suggesting 

that   the  QSAR  analysis   Is  In  error 

Vtood  chain  aatpilflcatlon  to  3  and  9  ug/g  is  astpected 


I 
I 
I 
I 
I 
I 
I 
I 


ChemlcaJ  A  1b  similar  to  a  dlchlorobPnzen^,  Is  carwenmtlw,  and  ie 
discharged  Into  the  r^elvlng  v«ter  at  a  M^  rate  of  10  kg/h,  remiUlm  In 
a  standing  ccncentratld  of  1  g/m3  or  re»".  Althnv.^  the  bloctxicentratlon 
factor  Is  lc«  (50),  the  fish  concentration  Is  expected  to  be  fairly  hlah 
(50  ijg/g  or  Ff«t  because  of  the  high  water  cnncentratlon.  TTie  eotlmted 
VDiutie  fraction  In  the  target  narcosis  tissue  (y(  is  0.0003  or  0.03%  This 
le  probably  not  acutely  toKlc.  twt  la  possibly  chronically  tcoclc.  "Hie 
acute  W50  la  expected  to  be  about  0.12  mol/m^  or  19  g/«3,  a  factor  of  19 
hlSfier  than  the  prevailing  concentration  In  the  lalas. 


I 
I 
I 

Ch«iilcal  B  Is  more  hydrophobic  and  Is  similar  to  a  tetrachJorobenzene   The 

(load  Is  30*  that  of  A,  resulting  In  a  correspondingly  lower  ccncentratlon 
(0.3  g/B^).  The  bloconcentratlon  factor  is  10  times  higher,  thus  fish 
cCTicentratlons  are  expected  to  be  very  high  and  about  150  ug/g,  rendering 
fish  inedible.    "me  y  value  Is  0.0006,   which  Is  alnost  certainly 

■  chronically  toxic,  thus  the  mter  will  be  unable  to  sustain  a  pemmient 
popuJatlcn.  Further,  the  total  y  for  chemicals  A  arri  B  la  0.0009.  which  Is 
close  to  the  level  at  **ach  acute  effects  are  expected. 

To  reach  a  y  belc»f  0.0001,  at  •lUch  there  Is  hope  of  mlntalnlt^  a  stable 

Ipofwlatlwi,  would  require  reducing  dlachar^es  of  A  by  a  factor  of  10  and 
preferably  about  20  for  B.  Because  of  Its  greater  hydrophobic! ty,  lower 
concentrations  of  B  must  be  establlrtwd. 

Chemical  C  la  still  more  hydrophobic  and  Is  similar  to  a  polynuclear 
aranatlc  hydrocarbcn.  The  load  Is  only  10  g/h.  glvlr^  a  low  concentration 
of  0.001  g/m3  or  1  tpb.   Kg  Is  "expected"  to  be  about  5000,  but  literature 

^l!?.  ^  ?.'  '™^""  °'  '°°-  "  app«rs  that  this  chonlcal  Is 
metabolized,  thus  prevailing  fish  concentrations  are  about  0.5  ^a/g  Inste*! 
?L^  ?^^^V  "^  ^  value  Is  0.00001,  which  Is  very  1«.  TT»  expected  acute 
LC50  Is  about  0.3  g/m3.  but  there  Is  a  reported  value  of  0.02  g/m^,  a 
factor  of  29  Icwer  and  thus  more  toitlc.  It  appeare  that  this  may  be  a 
selective  toxicant,  causing  other- thsm-narcotlc  effects.  Despite  the  low  y 
value,  sane  chronic  effects  may  occur.  Tt»  chemical  thus  has  unusual 
prc^»rtles  and  needs  custom  treatment. 

It  appears  that  sane  discharge  reductlcn  Is  warrented,  but  It  Is  difficult 
to  quantify  the  desired  masplt^le. 

Chemical  D  Is  very  hydrophobic  vid  Is  similar  to  a  PCB.  Fortunately  the 
discharge  Is  c«i1y  0.06  g/h,  md  the  effluent  ccncentratlcn  Is  a  b^ly 
detectable  60  ug/m3  or  0.06  ug/L  or  ppb.  The  lake  concent  rat  lc«  ar«  a 
factor  of  10  lo»r  or  6  ng/L.  But  the  bloconcentratlon  factor  Is  158000, 
?;«  6^  '  concentration  of  0.95  ug/g  or  ppn.  The  y  value  Is  negligible 
(10  ),  thus  there  will  be  no  t^ironlc  or  acute  effects.  The  difficulty  Is 
that  D  Is  believed  to  be  a  himan  carcinogen,  and  levels  exceedlr^  0.5  ptw 
Infood  are  undesirable.  The  Issue  Is  further  complicated  by  an  expected 
food  chain  blonagnlflcatlcn  effect  which  could  result  In  higher  trophic 
level  fish  having  concentrations  3  or  9  times  larger,  **Uch  definitely 
exceed  human  ccnoimptlon  guidelines. 

A  discharge  reduction  of  a  factor  of  at  least  20  to  0.003  g/h  Is  indicated 
to  protect  human  health.  There  la  no  problem  of  toxicity  to  fish  In  the 
longer  term,  "virtual  elimination"  Is  desirable. 


In  oiRnBTY,  the  QSAR  analysis  enables  the  loadings  of  A,  B,  C,  ard  D  to  be 
tr^nlated  Into  statements  of  blocxncentration  and  toxicity.  Individually 
and  collectively.  Each  contaminant  has  Its  own  "character"  and  set  of 
special  ccnslderatlons.  Ttie  strategy  In  Mater  quality  analysis  nwst  be  to 
develop  fate  nodels.  Including  terms  for  tratesport  and  trsnformatlcn  to 
enable  reliable  estimates  of  concentration  to  be  nade.  These  can  tton  be 
canpared  with  Measured  values  In  mter  and  sedljnents.  A  toxicity 
assessnent  can  then  be  dcxie,  preferably  using  reported  BCPs  airf  LC50,  but 
using  qSAR  values  to  fill  gaps,  check  reasonableness  arrf  help 
Interpretation.  Finally,  the  magnitude  of  the  desired  IrelJvldual  dlschai^e 
reductlms  can  be  assessed  and  ccmpared  with  tlat  Is  achievable  using  best 
available  tectnologles. 

It  la  hoped  that  this  exan(>le  will 

(1)  enctxirage  others  to  undertake  and  report  similar  but  real  analysis 
and  (11)  serve  to  Justify  further  research  Into  QSARs  by  lllustratlrxj  tow 
the  science  my  be  used  In  a  regulatory  context. 
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UrXRODUCTIOH 

Pentachlorophenol  (PCP)  has  been  used  extensively  in  North  America 
prlnarlly  as  a  wood  preservative  In  forestry,  and  a  bloclde  in 
agriculture.   It  la  believed  to  be  the  »ost  toxic  of  the  chlorophenols 
(CP)  which  have  recently  cone  under  review  by  the  pesticide  regulatory 
authorities  and  pentachlorophenol  has  been  put  on  the  list  of  priority 
chemicals  In  Category  II. 

One  of  the  major  concerns  with  the  use  of  this  chemical  is  that  the 
technical  formulatlona  may  be  contaminated  with  potentially  more  dangerous 
compounds  (I.e.  phenoxyphenols)  which  may  serve  as  precursors  for  dloxlna. 
There  Is  also  some  suggestion  that  the  transformation  products  of  PCP  may 
In  fact  be  more  toxic  than  the  parent  compound.   With  this  In  mind  • 
laboratory  study  was  Initiated  to  compare  the  acute  and  chronic  toxicity 
of  pure  pentachlorophenol  and  a  technical  formulation  of  PCP  to  three 
species  of  daphnla. 

Standardized,  static,  48  h  toxicity  tests  (Kaushlk  and  Stephenson, 
1986)  were  used  to  determine  the  acute  toxicity  of  pure  pentachlorophenol 
and  technical  PCP  to  three  age  classes  of  Daphnl<l  magna  and  adult  Daphnlq 
gajeatfl  wendotae.   The  toxicities  of  both  forma  of  PCP  on  Daph^U  pule^ 
have  also  been  assessed.   From  these  laboratory  derived  data,  we  were  able 
to  make  a  number  of  predictions  regarding  the  Impact  of  PCP  on  the 
zooplankton  communities  of  a  lentlc  ecosystem.   The  'Hmnocorral 


technlqua'  developed  aC  the   University  of  Guelph  (see  Kaushik  et  al .  1986, 
for  review)  provided  us  Ct)e  neans  with  which  these  predictions  could  be 
evaluated  under  conditions  that  better  simulated  a  natural  lentlc 
envlronnent .   The  aajor  objective  of  this  study  was  to  assess  the  Impact 
of  an  application  of  1.0  mg/L  pure  pentachlorophenol  on  the  plankton 
comiunltles  In  large  volume  In  situ  enclosures  or  llnnocorrals .   The 
concentration  of  PCP  applied  approxlaated  the  nldrange  value  of  the  LC50 
estlnatas  for  the  three  speclea  of  daphnlds. 

HATERIALS  AND  KEnWDS 

Six  llanocorrals  (5xSxS  b  deep)  located  Ln  Lake  St.  George  (l0.3-ha, 
430  57'23"K.  79°  26'30"W)  were  lined  with  ultraviolet  protected 
poLyethlene  (6  all)  and  the  sides  were  lowered  on  Hay  17,  1987.   Details 
on  the  design,  conatructlon  and  Initallatlon  of  the  llnnocorrals  have  been 
described  by  Solomon  et  al .  (1960)  and  Kaushik  et  al.  (19B6).   The  walls 
Isolated  a  column  of  water  from  the  surface  of  the  lake  to  and  Including 
the  bottom  ledlments. 

On  June  17,  1987  pure  pentachlorophenol  (99.9%,  Aldrlch  Chemical. 
Milwaukee)  was  dissolved  In  1  L  of  1  H  NaOH  and  mixed  with  approximately 
3  L  of  lake  water  in  a  back-pack  sprayer.   The  solution  was  then  applied 
uniformly  Co  the  surface  waters  contained  within  an  enclosure  to  give  a 
nominal  concentration  of  1.0  mg/L.  PCP.   Pentachlorophenol  was  applied  to 
three  llmnocorrala  and  the  other  three  control  corrals  remained  untreated. 
Collection  of  bloloylcal  samples 

The  encloauras  were  sampled  weekly  during  the  pretreatment  period  and 
on  day*  1,  4.  8,  15,    22,  29,  and  43  poattreatment .   Five  1  L  water  samples 
mr*  collected  with  an  Integrated  tube  sampler  and  pooled  <Solomon  et  al. 
1982).   AIL  subsample  was  processed  In  the  laboratory  within  12  h 


and  sent  to  the  Canadian  C^ntrp  for  Inland  Waters,  Burlington.  Ontario  for 
nutrient  analyses  (dissolved  organic  carbon,  dissolved  Inorganic  carbon, 
total  nitrogen,  total  filtered  phosphorus,  total  unflltered  phosphorus, 
the  major  Ions,  total  nutrients,  hardness,  alkalinity,  particulate  organic 
carbon  and  nitrogen,  and  chlorophyll).   Plankton  samples  vere  collected 
with  an  Integrating  tube  sampler  (Solomon  et  al,  1982)  and  preserved  In 
the  field.  The  zooplankton  samples  were  Identified  and  counted  In  the 
laboratory  as  described  by  Stephenson  et  al,  (1984).  however,  with  some 
modifications.   The  nacrozooplankton  were  counted  using  a  compound 
mlcropscope  and  rectangular  counting  chamber  with  a  grid.   Allquots  that 
ranged  from  1  to  4  mL,  depending  on  the  density  of  organisms,  were 
transferred  to  the  counting  chamber  and  the  total  subsample  counted.   If 
necessary  additional  allquots  were  counted  up  to  three  auhsamples  or  100 
organisms,  whichever  came  first. 
Physical  and  Chemical  Heoguccraents 

Temperature  and  oxygen  ware  recorded  In  each  corral  with  a  YSI 
dissolved  oxygen-temperature  meter  (model  57)  at  the  surface  and  depths  of 
0.5.  1.5,  2.5.  and  3.5  m.   The  relative  transparency  of  the  enclosed  water 
was  ascertained  by  secchl  readings  and  the  pH  measured. 
Collection  of  samples  for  PCP  Residues 

AIL  water  subsample  from  the  pooled  water  samples  collected  with  the 
Integrating  tube  sampler  (5  L)  was  preserved  immediately  In  an  amber 
bottle  with  approximately  1  mL  concentrated  HCl  and  these  samples  were 
analyzed  for  PCP  residues.   Sediment  samples  were  collected  for  residue 
analyses  using  the  sediment  sampler  described  by  Solomon  et  al.  (1997). 
Polyethylene  strips  made  from  the  liner  material  were  suspended  In  the 
corrals  at  the  onset  of  the  experiment  and  these  strips  were  collected  at 
regular  Intervals  for  analysis  for  PCP  residues  that  may  have  adsorbed 


to  Che  naterlal . 
PCP  Residua  Analvaea 

An  aliquot  (1  or  10  bL)  of  the  acidified  Cleld  sanple,  depending  on  the 
■anpllng  date,  was  added  to  100  nL  0.1  M  pocasalun  carbonate  solution.   20 
■L  of  hexane  was  added,  followed  by  I.S  »L   doubl*  distilled  acetic 
anhydride.   This  solution  was  then  placed  on  an  orbital  shaker  (200  rpai) 
for  1  h.   The  hexana  layer  was  then  collected  after  filtering  through 
sodliui  sulfate,  to  ensure  removal  of  all  water,  and  approxinatsly  A  hL  of 
isooctana  was  added.   The  saaipla  voluae  was  reduced  to  approximately  1-2 
■L  using  an  analytical  evaporator  (nitrogen  gas)  and  the  renalntng 
isooctane-cheaical  conplex  transferred  to  a  volusetrlc  flask  and  Isooctanc 
added  to  accurately  aeaaura  10  bL.   An  aliquot  of  this  sanple  was  then 
analyzed  on  a  Parkln-ElBer  slgna  b  gas  chronatograph,  equipped  with  an 
AS-lOOb  autosanpler  and  an  electron  capture  detector.   The  carrier  gas  was 
hydrogen  and  the  flow  gaa  argon/aethane.   The  capillary  colunn  used  was  a 
DPS  (30  ■  long,  fused  silica,  0.2S>i  flla  thickness). 

RESULTS 

Preliminary  analysss  of  water  on  day  1  Indicated  that  the  PCP 
application  to  the  three  treated  enclosures  resulted  In  PCP  levels  close 
to  the  desired  nominal  concentration  of  1.0  mg  PCF/L  (Table  I).   The 
initial  concentrations  varied  slightly  due  to  minor  differences  in  the 
volume  of  water  within  each  of  the  enclosures.   The  dissipation  of  PCP  in 
the  water  column  of  the  treated  corrals  indicated  that  by  day  8 
posttreatment,  the  mean  concentration  of  PCP  in  the  treated  enclosures  was 
loss  than  10%  of  the  Initial  application.   Analysis  of  samples  for  PCP 
residues  Is  still  in  progress  but  the  dissipation  of  PCP  from  the  water 
column  appears  to  follow  first  order  kinetics. 


T.ble  I.   Concentr;,tlon  of  pentachlorophenol  In  enclosures  treated 
with  s  nonlnal  concentration  of  1,0  mp  TCP/L. 


Htimber  of  days  after  Corral  Nu«ber  Mean  fSD> 

application  of  PCP         I         5         T       nean  (SO) 


"R/L 


1  0.840  0.985  0.905 


*  0.460  0.690 

*  0.120  0.060 


0.910  (0.073) 
0.570  0.573  (0.115) 
0  073   0.08ft  (0.032) 


Table  2.   Hean  temperature  ±  SD  (°C)  at  two  depths  In  control  and 
FCP  treated  corral* 


No.  of 
before/ 

daya 

ifter 

ILcaClon 

0.5 

Depth 

(■) 

3.5 

PCP  app 

Control 

PCP 

Control 

PCP 

-6 

20.0 

(0.5) 

20.0 

(0.5) 

15.2 

(0.3) 

14.8 

(0.3) 

•1 

22.8 

(0.3) 

22.8 

(0.3) 

15.8 

(0.3) 

16.0 

<  0  ) 

4 

24.2 

(0.3) 

23.0 

(  0  ) 

16.1 

(0.1) 

15.7 

(0.3) 

8 

26.0 

(0.5) 

25.0 

(0.5) 

17.2 

(0.3) 

17.7 

(0.3) 

15 

22.2 

(0.3) 

22.2 

(0.3) 

18.0 

(  0  ) 

17.8 

(0.3) 

22 

25.2 

(0.3) 

24.5 

(  0  ) 

19.2 

(0.3) 

19,0 

(  0  ) 

29 

24.3 

(0.6) 

23.8 

(0.3) 

19.5 

(  0  ) 

19.0 

(  0  ) 

43 

26.0 

(  0  ) 

25.3 

(0.3) 

19.1 

(0.1) 

19.2 

(0.3) 

Table  3.   Hean  pH  values  for  water  collected  fron  control 
corrals  and  corrals  treated  with  1.0  ng  PCP/L. 
(-  Is  before.  +  Is  after  treatment). 


Days  (+/- )  treatnent 

Controls 

PCP 

-6 

B.27  (0.12) 

8.17  (0.15) 

-I 

8.07  (0.12) 

7.93  (0.12) 

4 

8.33  (0.16) 

8.27  (0.06) 

8 

8.37  (0.06) 

8.30  (0.10) 

15 

8.03  (0.06) 

8.10  (0.10) 

29 

7,87  (0.15) 

7.83  (0.15) 

A3 

8.20  (0.10) 

8.03  (0.06) 

Table  6.   LC50  astlaates  for  fi.  Bflgna  exposed  to  pentachlocophenol. 


Exposure 

Toxicity 

Experimental 

Life  stage 

duration 

(ag/L) 

conditions 

Reference 

Young 

48 

1.05 

Adema  &  Vlnk  (1981) 

Adult 

48 

1.40 

> 

Young 

48 

l.O 

fed.  20oC 

Adema  (1978) 

Young 

48 

0.6 

not  fed.  20OC 

" 

Adult 

48 

1.5 

fed.  20OC 

■ 

Adult 

48 

0.8 

not  fed.  20*'C 

It 

- 

48 

0.68 

pH  8.0.  22°C 

LeBlanc  (1980) 

. 

48 

0.260 

pH  8.0.  20°C 

Canton  &  Adena  (1978) 

- 

48 

0.400 

pH  8.0,  20°C 

" 

Young 

48 

0.44 

hardwater 

Bergllnd  6.  Dave  (1984) 

48 

0.5 

softwater 

■ 

Th.r^  v„  no  ch«ng.  In  pH  of  th^  w«t.r  expo.pH  to  pentachlorophenol 
(T«bU  3)  «nd  the  temp.r«ture  profile.  «t  the  various  depth,  were  .i«,l„ 
in  .11  corr-U  (Table  2).      The  d.t.  reg.rdlng  the  che-lcal  composition  of 
the  water  (i.e.  nutrients)  are  not  yet  available. 

Secchi  depth  reading,  varied  greatly  among  r.pUcate  corrals  for  both 
the  controls  and  the  PCP  corrals;  however,  greatest  divergence  between 
treatments  occurred  Imnediataly  after  the  paatlclde  was  applied  <Flg«r« 
U.   There  was  greater  transparency  of  water  In  the  PCP  corrals. 

Mean  concentration  of  oxygen  In  the  watiar  at  a  depth  of  0.5  m  showed 
a  decline  In  the  PCP  treated  corrals  Im-edlately  posttre-tment  (Figure  2). 
but  again  the  variability  among  the  replicate  enclosures  was  extremely 
high,  especially  for  the  control  corrals.   At  the  lower  d^pth  of  3.5  m 
(Figure  3).  there  seemed  to  be  little  difference  in  oxygen  concentration 
and  the  tremendous  variabilty  was  attributed  to  the  presence  of  a 
hypollmnlon  In  two  of  the  enclosures. 

The  plankton  were  divided  into  two  groups,  the  mlcrozooplankton  or 
Rotifers  and  the  macrozooplankton  or  crustacean  zooplankton  which  Included 
the  Cladocera.  the  adult  Copepoda  (Cyclopolds  and  Calanolds)  and  the 
Immature  Copepoda  (nauplii  and  copepodltes) .   PCP  at  1.0  mg/L  was  not 
directly  toxic  to  the  macrozooplankton  and  the  mean  numerical  densities  in 
the  treated  enclosure,  did  not  differ  from  those  in  the  control  corrals 
(Figure  4).   Hovever.  there  appeared  to  be  a  numerical  decline  In 
densities  of  Rotifers  immediately  posttreatment  with  recovery  to  levels 
similar  to  those  in  the  control  corrals  within  15  d  (Figure  5). 
Statistical  analyses  of  these  data  Is  In  progress. 
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Fig.  1.   Mean  (+  SE)  aecchl  readings  In  control  and  PCP  treated 
enclosures  (IPC?  application). 
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Fig.    2.      Mean    (+  SE)    concentration  of   oxygen   at    a  depth 

of   0.5   n   In   the   control   and   PCP    treated  enclosures 
(I   PCP   application). 
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Fig.  3.  Mean  (*  SE)  concentration  of  oicygen  at  a  depth 
of  3.5  IB  in  control  and  PCP  treated  enclosures 
(t   PCP   application). 
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Fig.    5.      Mean    (+  SE)    rotifer  densities    In   control   and  PCP 
treated  enclosures    (+   PCP   application). 


DISaiSSION 


To  date  not  aU  of  the  Information  from  the  study  Is  «v«lUbU  so 
some  of  our  predictions  have  yet  to  be  tested.   However,  results  do 
Indicate  that  the  PCP  dlssnppeared  from  the  water  more  rapidly  than 
expected  and  this  was  attributed  to  photolysis.   We  applied  the  chemical 
via  direct  surface  spraying  between  1100  and  1300  h  on  a  day  that  was 
clear  and  sunny  with  a  mean  temperature  of  25"C.   Ulthln  a  couple  of  hours 
■Eter  the  PCP  v«s  applied,  the  water  vlthln  the  treated  corrals  became 
brown  In  colour,  most  Ukely  the  result  of  photochemical  degradation 
(Dr.  J.  Carey,  pers.  comm.).   The  photoly.la  apparently  occurred  when  the 
pesticide  waa  most  concentrated  at  the  surface.   No  water  samples  were 
collected  from  discrete  depths  for  analyses  for  pesticide  residues  so  the 
rate  with  which  the  PCP  penetrated  the  water  colui^n  was  unknown. 
Hethoxychlor  applied  In  this  manner  penetrated  the  water  column  within 
2U   h  (Solomon  et  al.  1986)  and  there  was  no  reason  to  believe  PCP  would 
behave  differently.   Because  of  the  Impact  of  photolysis  on  the  dlurn-l 
application  of  PCP,  the  toxicity  of  PCP  to  the  biota  was  believed  to  be 
minimized. 

In  laboratory  studies  pentachlorophenol  was  toxic  to  adult  fi.  BfiiM. 
e-  1-  EfiUdaiM  and  Q.  EMlej  at  1.8.  0.058.  and  5.8  mg  PCP/L.  (48h-LC50) 
respectively.  The  mean  LCSO  estimate  for  adult  fi.  mafcna  was  higher  than 
many  that  were  found  In  Che  literature  (Table  h) .      Initially,  It  was 
suspected  that  age  of  teat  organism  (I.e.  adult  versus  young)  would 
explain  this  difference;  however,  fucher  investigation  showed  that  pure 
PCP  was  equally  toxic  to  young  (24  h)  and  Juvenile  (24-48  h)  D.  Bagnfl  vlth 
48h.LC50  estimates  of  1.50  and  1.54  mg  PCP/L.  respectively.   Adema  (1978) 
also  found  chat  age  of  test  organisms  did  not  affect  toxicity  of  PCP  to 


this  species.   There  were  no  obvious  differences  In  temperature  or  pH  of 
the  test  solutions  that  nay  have  explained  the  difference  In  toxicity 
values,  and  apparently  hardness  does  not  affect  toxicity  of  PCP  to 
daphnlds  (Berglind  and  Dave.  1984).   However,  comparable  LC50  eatlmates 
were  documented  by  Adena  (1978)  In  a  study  comparing  the  toxicity  of  PCP 
to  young  and  adult  fi.  aoVlA   that  were  starved  or  fed.   When  the  animals 
were  fed  algae,  the  LC50  estimates  were  1.0  and  1.5  ng  PCP/L  for  young  and 
aduLCa,  respectively.   The  organisms  in  our  assays  ware  fed  green  algae, 
an  libitum,  prior  to  each  test,  thus  we  speculate  that  the  relative 
difference  In  toxicity  estimates  may  be  attributed  to  "conditioning"  of 
tha  test  organisms. 

The  48h-LCS0  estimates  for  fi.  g.  aendotae  and  fi.  pulex.  both  of  which 
ware  present  In  Lake  St.  George,  established  a  response  range  on  which  to 
base  predictions  regarding  toxicity  of  an  application  of  1.0  mg  PCP/L  to 
the  enclosures.   Ue  predicted  differential  toxicity  to  the  Cladocera  with 
some  species  exhibiting  less  resilience  Chan  others.   On  the  basis  of  past 
experiments  with  pesticides  applied  to  llmnocorrsls  In  this  lake  ecosystem 
(Kauahlk  et  al.  1985;  Stephenson  et  al.  1986),  we  predicted  that  there 
would  be  dlract  toxicity  to  the  macrozooplankton,  with  evidence  of  some 
species  being  less  resilient  than  others,  and  little  Impact  on  rotifer 
densities.   Therefore,  the  decline  in  densities  of  Rotifers  Imnediately 
posttreatment  was  as  unexpected  as  was  the  apparent  lack  of  toxicity  to 
the  clsdoceran  crustaceans.   Studies  regarding  the  Impact  of  pesticides  to 
rotifers  sre  rare,  despite  being  a  major  component  in  lentic  ecosystems. 
Further  laboratory  research  Is  necessary  to  more  fully  describe  the 
toxicity  of  PCP  to  this  group  of  aquatic  organisms.   The  lack  of  toxicity 
to  the  macrozooplankton  may   be  explained.  In  part,  by  the  mode  and  tine  of 
day  of  Che  application  of  PCP  to  tha  encLosurea. 


A  Urge  amount  of  variability  among  repMcntn  pnclosurps  within 
treatments  prevailed  throughout  the  experiment  and  this  variability. 
Indicated  by  the  error  bars  on  the  population  point  estimates  in  Figures  4 
and  5.  obscured  what  may  have  been  a  statistically  significant  Impact  of 
PCP  on  the  rotifer  comnrunlties .   The  varlabllty  within  replicate  corrals 
resulted  from  differences  In  community  structure.   For  example,  on  day  -1 
two  of  the  control  corrals  had  extremely  high  rotifer  densities  and 
correspondingly  low  macrozooplankton  densities.   But  the  third  control 
corral  had  high  macrozoopUnkton  densities  and  low  rotifer  densities.   The 
PCP  enclosures  were  slmlUrlly  populated.   This  variation  in  community 
structure  was  believed  to  have  Influenced  aecchl  depth  readings  and  oxygen 
concentration,  contributing  to  the  variabllty  In  these  parameters. 
Chlorophyll  data  would  also  be  expected  to  wlrror  the  differences  among 
corral  replicates. 

It  was  believed  that  one  of  the  major  factors  contributing  to  this 
variation  In  zoo^lankton  community  structure  in  replicate  corrals  of  both 
the  control  corrals  and  the  treated  enclosures  was  the  presence  of  fish 
during  the  pretreatment  period.   In  the  past  the  enclosure  walls  have  been 
lowered  before  the  eggs  of  planktivorous  fish  hatched  and  the  problem  has 
not  been  magnified  to  this  extent.   A  second  experiment  was  conducted  to 
compare  the  Impact  of  an  application  of  PCP  at  night  when  photolysis  was 
hopefully  minimized   and  fish  were  removed  froai  all  of  the  corrals  by 
nets.   Results  from  this  second  experiment  are  not  yet  available. 
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The  disinfection  of  wastewater  with  ultraviolet  (UV)  light 
has  been  accepted  throughout  North  America  as  an  alternative  to 
the  use  of  chlorination  (United  States  Environmental  Protection 
Agency,  1986) . 

This  study   looked  at  two  aspects  of  UV  disinfection  to 
determine  its  ability  to  eliminate  pathogenic  microorganisms  from 
wastewater.   UV  irradiated  E.  coll  was  studied  in  situ  to 
determine  the  significance  of  photoreactivatlon  in  the  natural 
environment  and  two  methods  were  used  to  study  the  suitability  of 
bacteriophages  as  indicators  of  the  viricidal  efficiency  of  UV 
disinfection.   Part  A  of  this  report  will  describe  the  former 
study  and  Part  B  the  latter  work. 

PART  A:   In  situ  Photoreactivation  of  K.  coll 

The  Inactlvation  of  microorganisms  by  UV  radiation  results 
primarily  from  the  absorption  of  the  light  by  their  DNA  and  the 
resultant  dimerization  of  thymine  bases  in  the  DNA.   These 
thymine  dimers  distort  the  conformation  of  the  double  helix  and 
interfere  with  normal  DNA  replication.   This  photo-dimerlzation 
can  also  occur  with  the  uracil  In  the  RNA  of  viruses  (Harm, 
1900)  .   The  germicidal  effect  of  UV  radiation  is  greatest  in  the 
far-ultraviolet  wavelength  (190-300nm)  range  (Jagger,  1967)  . 
Subseaucnt  exposure  of  UV  damaged  cells  to  higher  wavelength 


light  (above  300  ntn)  may  often  repair  much  of  the  damage  to  the 
DNA .   This  light-activated  enzymatic  pyrimidine  monomer ization 
process  is  termed  photoreactivation  (Jagger,  1967).   Many 
different  microorganism  can  undergo  photoreactivation  (Harm, 
1980) .   Enteric  pathogenic  bacteria  have  been  shown  to 
photoreactivate  (Jagger,  1958), 

Photoreactivation  of  fecal  and  total  coliforms  can  occur 
after  UV  disinfection  of  wastewater.   Scheible  and  Bassell  (19S1) 
placed  bottles  of  UV  irradiated  effluent  in  the  clarifler  of  a 
wastewater  treatment  plant  for  one  hour  and  found  that  the  number 
of  fecal  and  total  coliforms  increased  by  one  logarithm.  Bohm  et 
al.  (1982)  put  bottles  of  UV  irradiated  effluent  in  a  waterbath 
In  the  sunlight  and  found  that  fecal  and  total  coliforms 
increased  in  numbers  by  1.4  to  1.7  logarithms.   Fecal 
streptococci  did  not  increase  in  numbers.   Whitby  et  al.  (1984) 
placed  bottles  of  UV  irradiated  effluent  in  a  clarifler  for  6 
hours  and  found  that  after  3  hours  the  fecal  and  total  coliforms 
increased  by  a  maximum  of  one  logarithm.   The  fecal  streptococci 
and  Pseudomonas  aeruginosa  did  not  photoreactivate. 

Harris  et  al.  (1987b)  studied  photoreactivation  in  a 
wastewater  which  was  disinfected  with  two  different  UV  reactors. 
Samples  of  effluent  were  subjected  to  the  light  from  a 
full-spectrum  fluorescent  lamp  to  encourage  photoreactivation. 
After  a  quartz-sleeve  and  a  teflon  tube  UV  reactor  the  total 
coliforms  increased  by  2.0  and  0.5  logarithms  respectively  and 
the  fecal  coliforms  increased  by  1.5  and  0.5  logarithms 
respectively.   There  was  little  evidence  of  photoreactivation  of 
fecal  streptococci.   In  a  laboratory  study,  Harris  et  al^.  {1987a) 
showed  that  E^  coli  and  Streptococcus  faecalis  have  the  potential 
to  photoreactivate  and  increase  their  numbers  by  3.4  and  2.4 
logarithms  respectively. 

Due  to  the  potential  for  pathogenic  organisms  to 
photoreactivate,  it  has  been  suggested  that  photoreactivation  be 
considered  during  the  design  of  UV  reactors  and  the  setting  of 
standards  for  ultraviolet  disinfection. 


This  study  used  an  antibiotic  resistant  E.  coli  which  will 
Photoreactivate  to  compare  the  degree  of  photoreactivation  in 
vitro  and  in  situ  after  the  UV  disinfection  of  wastewater. 

HBTBOO 

Project  Site  Description:   The  facility  chosen  for  this  study  is 
located  in  Tillsonburg,  Ontario,  Canada.   It  is  a  conventional 
secondary  treatment  plant  and  receives  primarily  domestic 
wastewater. 

Description  of  UV  Unit:   The  system  consists  of  a  series  of 
modules  and  each  one  has  four  UV  lamps  (13.8  W  of  light  at  a 
wavelength  of  254  nm)  enclosed  in  quartz  sheaths.   Two  sets  of 
ten  modules  for  a  total  of  80  lamps  were  located  in  the  effluent 
channel.   The  average  flow  over  the  lamps  was  O.OJm^sec. 

In-Situ  Photoreactivation  in  the  Receiving  Stream:   a  nalidixic 
acid  resistant  (NARJ  strain  of  E.  coU  was  grown  to 
approximately  9  x  lo"'  cells  per  miUilitre  in  5  litres  of 
trypticase  soy  broth  containing  100  micrograms/mL  of  nalidixic 
acid.   The  broth  culture  was  diluted  with  45  litres  of  phosphate 
buffered  water. 

The  cell  suspension  was  transported  on  ice  to  the  wastewater 
treatment  plant  in  Tlllsonburg. 

The  cell  suspension  was  dispensed  into  the  wastewater 
channel  upstream  of  the  UV  disinfection  unit  at  an  approximate 
rate  of  one  litre  per  second.   An  air  diffuser  system  which  was 
located  in  the  channel  bottom  was  used  to  distribute  the  bacteria 
as  evenly  as  possible  in  advance  of  the  UV  unit.   A  500  mL 
solution  of  fluorescein  (200  g/L)  was  dispensed  into  the 
wastewater  channel  immediately  after  the  cells  of  E.  coll  (NAP). 
This  served  as  a  marker  for  all  of  the  downstream  testing. 


From  previous  dye  tests,  field  personnel  using  stopwatches 
were  able  to  take  samples  at  precisely  pre-determined  times 
within  the  wastewater  treatment  plant  and  at  the  outfall  into  Big 
Otter  Creek. 

Personnel  in  a  canoe  followed  the  plume  marked  with 
fluorescein  and  took  duplicate  samples  every  half  hour  for  two 
hours.   Initial  testing  showed  that  the  dye  passed  the  plutne  of 
E.  coll  (HAR)  almost  immediately  so  that  the  sampling  occurred 
behind  the  plume  of  fluorescein. 

As  the  plume  of  E.  coll  (NAR)  formed  in  the  receiving  stream 
a  control  sample  was  taken  upstream  from  the  point  of  discharge 
to  determine  the  number  of  background  nalidixic  acid  resistant  E. 

coll. 

Control  runs  were  Identical  except  that  the  number  of  cells 
of  E.  coll  NAR  were  reduced  to  approximately  5  x  10   cells/mL. 
The  suspension  of  cells  was  dispensed  into  the  wastewater 
downstream  from  the  UV  unit. 

One  sampling  site  which  was  20  to  30  minutes  downstream  from 
the  outfall  was  used  to  determine  the  shape  of  the  plume  of  E. 
coli  (NAR) .   Samples  were  taken  from  ten  minutes  before  the 
expected  arrival  of  the  plume  until  ten  minutes  after  the  arrival 
of  the  plume. 

Samples  were  put  on  ice  in  the  dark  and  returned  to  the 
laboratory  for  immediate  microbiological  analysis. 

The  membrane  filtration  technique  was  to  used  to  enumerate 
E.  coll  (NARl .   M-TEC  agar  was  supplemented  with  100 
micrograms/mL  of  nalidixic  acid  (HAME5  1984) . 

The  flow  of  Big  Otter  Creek  was  continuously  monitored  using 
automatic  hydrograph  stream  gauging  equipment. 

The  preceding  experiments  were  repeated  five  times. 


In-vltro  Photoreactivatlon  of  E.  coll  (WAR) 

Samples  of  the  irradiated  and  non-irradiated  E.  coll  (NAR) 
were  taken  in  two  litre  beakers  as  the  effluent  discharged  into 
Big  Otter  Creek.   These  samples  were  then  dispensed  Into  five 
sterile  flint  glass  bottles  and  suspended  on  steel  rods  In  the 
river.   The  bottles  were  30  centimetres  below  the  surface  of  the 
river.   One  sample  was  immediately  put  on  ice  to  serve  as  the 
control.   Bottles  were  removed  every  half  hour  for  two  hours. 

This  experiment  was  repeated  five  times  and  all  of  the 
analysis  were  identical  to  the  previous  section. 

RESOLTS 

The  shape  of  the  plume  of  E.  coli  (NAR)  in  Big  Otter  Creek 
is  shown  in  Figure  1.   Consistent  bacterial  counts  of  E.  coli 
(NAR)  were  obtained  because  the  plume  is  very  wide  and  the  top  of 
the  curve  is  flat. 

The  flow  ratios  of  the  river  during  the  runs  with  irradiated 
and  non-irradiated  E.  coli  (HAP)  were  4.16  m^/sec.  (SD-2.01)  and 
2.79  m  /sec  (SD-0.52)  respectively.   The  flows  for  the  two  series 
of  experiments  (Figure  2)  were  very  similar  except  for  one  of  the 
runs  with  irradiated  E.  coli  (NAR) . 

Figure  3  shows  the  levels  of  irradiated  E.  coli  (NAR)  in  Big 
Otter  Creek  as  the  bacteria  flowed  down  the  river  for  two  hours. 
No  increase  in  the  numbers  of  E.  coll  (NAR)  was  detected  and  the 
level  continually  declined. 

Figure  A    Illustrates  the  levels  of  non-irradiated  E.  coll 
(NAR)  in   Big  Otter  Creek  as  the  bacteria  flowed  down  the  river 
for  two  hours.   The  numbers  of  E.  coli  (NAR)  steadily  declined 
during  the  two  hours  of  sampling  time. 


Figure  5  shows  the  results  of  suspending  Irradiated  and 
non-irradiated  E.  coli  (NAR)  in  glass  bottles  in  Big  Otter  Creek. 
During  the  two  hour  sampling  period,  the  irradiated  E.  coli  (NAR) 
increased  by  1.9  times  whereas  the  non-irradiated  E.  coli  (NAR) 
decreased  in  numbers.   A  paired  t-test  showed  that  there  was  a 
significant  difference  in  the  numbers  of  irradiated  E.  coll  (NAK) 
at  0  time  and  2  hours.   The  level  was  significant  at  the  95% 
confidence  interval . 

DISCUSS lOH 

When  UV  irradiated  E.  coli  (NAR)  was  held  in  glass  bottles 
and  subjected  to  sunlight  It  underwent  photoreactivatlon  and 
Increased  in  numbers  by  1.9  times.   This  strain  of  E.  coli  shows  a 
similar,  although  smaller  response,  to  sunlight  when  compared  to 
other  studies  where  fecal  coliforms  were  subjected  to  sunlight  in 
glass  bottles  (Scheible  and  Bassell,  1981;  Bohm  et  al,  1982) 
Whitby  et  al,  1984)  .   In  these  studies  the  degree  of 
photoreactivatlon  of  the  fecal  coliforms  was  about  one  logarithm 
whereas  in  this  study  E.  coli  (NAR)  only  Increased  by  0.28 
logarithms.   E.  coli  (NAR)  has  the  ability  to  photoreactivate  in 
a  mixture  of  water  from  Big  Otter  Creeic  and  the  wastewater 
treatment  plant.   There  was  no  increase  in  the  number  of 
non-irradiated  E.  coli  (NAR) . 

The  results  of  the  in  situ  study  of  the  photoreactivatlon  of 
E.  coli  (NAR)  are  summarized  In  Figure  6.   The  decline  in  numbers 
of  both  the  irradiated  and  control  cells  of  E.  coli  (NAR)  were 
identical.   If  photoreactivatlon  had  occurred,  other  factors  such 
as  sedimentation,  dilution,  predatlon  and  the  naturally  lethal 
effects  of  sunlight  negated  any  increases  in  the  number  of 
bacteria.   A  similar  effect  is  likely  occurring  with  bacterial 
pathogens. 


PART  Bi   Bacteriophages  as  Indicators  of  Disinfection  Rfficiency 
of  Wastewater 

Bacterial  indicator  systems  have  proved  to  be  useful  for 
assessing  the  microbiological  quality  or  safety  of  a  wide  variety 
of  wastes  (lAWPRC  Study  Group  on  Hater  Virology,  1983) .   Recent 
epidemiological  and  microbiological  findings  have  raised  serious 
concerns  about  the  adequacy  of  fecal  indicator  bacteria  for 
predicting  the  virological  quality  of  water  (Berg  et  al. ,  197B) . 

Ultraviolet  light  is  being  used  to  disinfect  wastewater 
throughout  North  America  and  very  little  information  is  available 
about  the  relationship  between  indicator  bacterial  systems  and 
pathogenic  microorganisms  especially  viruses  after  UV 
disinfection. 

Chang  et  al.  (1995)  found  that  the  dose  of  UV  light  required 
to  kill  three  logarithms  of  rotavirus  and  poliovirus  was  3  to  4 
times  the  amount  of  light  to  )cill  the  same  number  of  E.  coll. 
Salmonella)  Shigella,  and  Staphylococcus  were  equally  sensitive 
to  UV  light.   Streptococcus  faecalis  required  about  1.4  times 
higher  dose  of  UV  light  for  the  same  degree  of  Inactivation. 

Harris  et  al.  (19B7)  showed  that  poliovirus  and  reovirus 
required  approximately  6  and  10  times  the  dose  of  E.  coll  for 
99.9  %  inactivation,   Reovirus,  a  double-stranded  RHA  virus,  was 
found  to  be  significantly  more  resistant  to  UV  radiation  than 
poliovirus,  a  single  stranded  RNA  virus. 

Hill  et  al.  (1970)  contended  that  UV  radiation  can  be  highly 
effective  and  provide  a  reliable  safety  factor  when  treating 
estuarine  water.   They  subjected  four  viruses  to  UV  light  and  in 
increasing  order  of  resistance  they  were:  Poliovirus,  Echovirus, 
Coxsachievlrus  and  Reovirus. 


Because  viruses  are  more  resistant  to  UV  light  than 
indicator  bacteria,  it  is  preferable  to  use  an  indicator  organism 
which  more  closely  resembles  viruses.   Bacteriophages  may  play  a 
valuable  role  in  this  regard  because  they  closely  resemble  the 
enteric  viruses  in  structure,  composition,  morphology  and  size. 
The  use  of  bacteriophages  as  indicators  of  water  pollution  has 
been  suggested  for  many  years  (Hilton  and  Stotzky,  1973). 

Replication  of  coliphages  in  wjiter  during  the  summer  months 
(Vaughn  and  Metcalf,  1974)  and  the  existence  of  many  coliphages 
whose  natural  habitat  appears  to  be  the  aquatic  environment 
(Seeley  and  Primrose,  1980)  prevents  coliphages  as  a  group  from 
being  ideal  indicators  of  enteric  viruses.   Coliphages 
enumerated  by  E.  coll  represent  a  heterogeneous  group  of 
bacteriophages  with  various  resistances  to  UV  light  and  chlorine 
(Havelaar,  1966)  . 

Havelaar  and  Hogeboom  (1984)  have  developed  a  method  for  the 
enuineratlon  of  male-specific  RNA  bacteriophages  in  wastewater. 
These  bacteriophages  are  very  homogeneous  in  nature  and  their 
structure  resembles  the  enteric  viruses  (Havelaar,  1986) . 

Ravelaar  and  Nieuwstad  (1985)  found  that  F-speclfic 
bacteriophages  were  more  resistant  to  chlorine  in  wastewater  than 
thermotolerant  coliforms  and  fecal  streptococci. 

Havelaar  et  al.  (1986)  used  medium  pressure  mercury  lamps 
and  a  shallow  bed  reactor  to  irradiate  wastewater.   The  relative 
UV  resistance  of  E.  coll,  fecal  streptococci,  somatic  coliphages 
and  F-speciflc  bacteriophages  were  l.Oil.St 1. li 2 . 3 .   They 
concluded  that  F-specific  bacteriophages  were  suitable  indicator 
organisms  with  regard  to  viral  inactivation  by  UV  light. 

Using  a  batch  UV  reactor,  Severin  and  Suidan  (1985)  found 
that  at  the  99.9%  Inactivation  level  an  f2  bacterial  virus 
(F-speciflc  bacteriophage)  was  6.8  times  as  resistant  to  UV  light 
as  E.  coll.   This  would  suggest  that  F-specific  bacteriophage  are 
as  resistant  to  UV  light  as  enteric  viruses. 
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During  this  period  of  testing  (Table  1)  the  chlorinated 
effluent  did  not  meet  the  objective  levels  of  2500   total 
coliforms  per  100  mL  and  200  fecal  collforms  per  100  mL  whereas 
the  UV  effluent  did. 

Table  3  shows  the  results  of  the  microbiological  analysis  of 
the  F-specific  RNA  phages  and  somatic  coliphages  by  the  membrane 
filtration  method  and  the  normal  indicator  organisms  along  with 
P.  aeruginosa  before  and  after  UV  disinfection  with  and  without 
photoreactivation.   The  results  in  Table  3  for  all  of  the 
microorganisms  is  almost  identical  to  the  results  in  Table  I  for 
the  same  parameters.   In  this  wastewater  the  HPN  method  and  the 
HF  method  were  equally  as  efficient  at  detecting  the  F-speciflc 
RNA  bacteriophages  but  the  MF  method  was  more  sensitive  for  the 
somatic  coliphages  after  UV  disinfection.   The  F-specific  RNA 
bacteriophages  and  somatic  coliphages  were  not  affected  by 
sunlight  after  UV  disinfection.   Bacteriophages  do  not  undergo 
any  repair  process  unless  they  are  inside  their  respective  host 
cell  (Harm,  1980) . 

The  total  coliforms,  fecal  coliforms  and  E.  coli  underwent 
photoreactivation  and  Increased  by  1.2,  0.B6  and  0.74  logarithms 
respectively. 

The  logarithmic  survival  of  the  F-specific  RNA 
bacteriophages  and  somatic  coliphages  as  measured  by  the  MF 
method,  the  indicator  organisms  and  P.  aeruginosa  after  UV 
disinfection,  with  and  without  exposure  to  sunlight,  are  shown  in 
Table  4.   Except  for  P.  aeruginosa  which  was  detected  in  low 
numbers  (Table3)  all  of  the  microorganisms  are  equally  sensitive 
to  UV  disinfection  and  remain  so  after  photoreactivation. 

The  results  from  the  MPN  and  MF  method  for  F-specific  RNA 
bacteriophages  and  somatic  coliphages  differ  from  those  of 
Havelaar  et  a1.     (1906).   They  found  that  F-speciflc 
bacteriophages  were  over  twice  as  resistant  to  UV  Irradiation  as 
E.  coli  arid  somatic  coliphages.   In  this  study  E.  coli,  somatic 
coliphages  and  F-specific  RNA  phages  were  equally  sensitive  to  UV 
light. 


F-specific  bacteriophages  are  not  detected  in  appreciable 
numbers  from  humans  but  they  are  detected  in  wastewater  in 
appreciable  numbers  (Havelaar  et  al . .  1986).   Therefore  Havelaar 
(19B6)  has  suggested  that  F-specific  phages  should  be  used  as  a 
measure  of  disinfection  efficiency  and  not  as  an  indicator  of 
human  fecal  contamination. 

A  atudy  was  undertaken  to  confirm  the  results  of  Havelaar  et 
al.  (1986)  who  showed  that  F-speciflc  bacteriophages  were  more 
resistant  to  UV  light  than  E.  colt. 
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The  F-specific  RNA  bacteriophages  and  somatic  coliphages 
were  measured  before  and  after  the  disinfection  of  wastewater  with 
UV  light  and  chlorine. 

The  F-speclfic  RNA  bacteriophages  and  somatic  coliphages 
were  measured  by  two  methods. 

Membrane  Filtration  (HF|  Method: 

The  MF  method  of  Havelaar  (1986)  was  used  to  measure  the 
F-speclfic  RNA  bacteriophages.   To  measure  the  somatic  coliphages 
the  bacterial  host  was  changed  to  E,    coli  C  and  the  broth  and 
agar  media  was  that  of  Scott  et  al.  (1979) . 

Most  Probable  Humber  (MPN)  Hethodi 

With  the  following  changes  the  MPN  method  of  Kott  (1966)  was 
used  to  measure  the  number  of  F-speclfic  RNA  bacteriophages  and 
somatic  coliphages. 

When  somatic  coliphages  were  assayed  the  host  was  £.  coli  C 
and  the  agar  and  broth  media  were  that  of  Scott  et  al.  (1979). 


When  the  F-specific  RNA  bacteriophages  were  enumerated  the 
bacterial  hosts  and  agar  and  broth  media  were  that  of  Havelaar 
(1986)  . 

The  total  coliforms,  fecal  collforms,  fecal  streptococci, 
Pseudomonas  aeruginosa  and  E.  coli  were  measured  by  the  membrane 
filtration  method  according  to  the  Ontario  Ministry  of  the 
Environment's  Handbook  of  Analytical  Methods  for  Environmental 
Samples  (HAMES,  1984). 

All  of  the  UV  irradiated  samples  were  photoreactivated 
according  to  the  method  of  Whitby  et  al.  (1984).   A  second  set 
was  kept  in  the  dark  on  ice  as  a  control. 

RESULTS  AND  DISCUSSION 

Table  1  shows  the  results  of  the  microbiological  analysis  of 
the  indicator  organisms  and  the  F-specific  RNA  bacteriophages  and 
somatic  coliphages  by  the  HPN  method  before  and  after  UV 
irradiation  and  chlorination.   The  level  of  somatic  coliphages 
was  below  the  level  of  detection  for  the  MPN  method  after  UV 
irradiation.   All  of  the  measured  parameters  were  much  lower 
after  UV  Irradiation  than  chlorination.   This  indicates  that  UV 
irradiation  of  thia  wastewater  is  much  more  efficient  than 
chlorination. 

Table  2  compares  the  logarithmic  survival  of  the  Indicator 
organisms  and  the  F-specific  RHA  bacteriophages  and  somatic 
bacteriophages  as  measured  by  MPN*method.   The  logarithmic 
survival  (log  N/No)  is  the  ratio  of  the  number  of  microorganisms 
after  disinfection  to  the  number  of  microorganisms  before 
disinfection.   These  results  show  that  the  microorganisms  were 
much  more  resistant  to  chlorination  than  UV  irradiation  when  the 
dose  of  chlorine  was  1.45  mg/L  and  the  free  chlorine  residual  was 
0.5  mg/L.   All  of  the  microorganisms  except  Cor  the  fecal 
streptococci  appear  to  be  equally  sensitive  (or  resistant)  to  UV 
irradiation.   The  ratio  of  E.  coli:   fecal  streptococci:   fecal 
coliform;   total  coliform:   F-speciflc  RNA  bacteriophages  is 
1:0.66:0.97:0.91:0.86.   Similar  results  were  observed  for 
chlorination. 


Havelaar  and  Nieuwstad  (1985)  found  that  both  somatic 
collphages  and  F-specific  bacteriophages  were  more  resistant  to 
chlorinatlon  than  the  indicator  bacteria  in  wastewater. 
F-specific  bacteriophages  were  the  most  resistant.   In  this  study 
the  bacteriophages  and  indicator  bacteria  were  almost  equal  in 
their  sensitivity  to  chlorination. 

Havelaar  et  al.  (1986)  stated  that  F-apecific  bacteriophages 
are  suitable  indicator  organisms  with  regard  to  viral 
inactlvation  by  UV  irradiation.   This  study  does  not  confirm  this 
hypothesis  because  the  F-specific  bacteriophages  were  no  more 
resistant  to  UV  disinfection  than  the  standard  more  easily 
enumerated  indicator  bacteria.   The  reasons  for  the  difference 
between  these  two  studies  is  not  readily  apparent. 

Havelaar  et  al.  (1986)  used  a  shallow  bed  reactor  which  was 
similar  to  that  used  by  Petrasek  et  al.  (1980).   Petrasek  found 
that  without  baffles  these  systems  have  very  poor  turbulence  and 
this  may  be  important  because  the  percent  UV  transmission  in  the 
study  of  Havelaar  et  al.  (1986)  varied  from  24.4  to  57.   Proper 
mixing  is  required  so  that  all  the  microorganisms  are  subjected 
to  an  equal  dose  of  UV  light. 

CCmCLOSIONS 

1.  Although  photoreactivation  occurred  with  UV  irradiated 

E.  cell  (NAR)  in  the  receiving  stream,  other  factors  such  as 
dilution,  sedimentation,  predation  and  the  bactericidal 
effect  of  sunlight  appear  to  negate  any  increase  in  the 
bacterial  levels. 

2.  The  photoreactivation*  of  microorganisms  may  not  be  a  major 
concern  when  wastewater  is  disinfected  with  UV  light. 

3.  The  normal  bacterial  indicators  of  the  level  of  disinfection 
of  wastewater  were  as  resistant  to  UV  light  and  chlorine  as 
F-specific  RNA  bacteriophages  which  were  proposed  as  an 
Indicator  of  viral  inactlvation. 


4.  More  d»?tallGd  studies  should  be  6onn    to  compare  the 
resistance  of  enteric  viruses  and  F-specific  RNA 
bacteriophages  in  wastewater. 

5.  UV  light  was  more  efficient  at  disinfecting  this  wastewater 
than  chlorine. 


Table  1:   The  microbiological  analysis  of  the  indicator  bacteria 
and  the  F-specific  RNA  bacteriophages  and  somatic 
coliphages  by  the  MPN  method. 


Microorganism 


Count/100  mL 


■ 

uv 

^^2 

Influent 

Effluent 

Effluent 

F-8pecific  RMA  Phages 

36,000 

62 

5,700 

Somatic  Coliphages 

1,750 

L»  1 

140 

Total  Coliforma 

108,000 

130 

13,600 

Fecal  Conforms 

25,000 

19 

1,600 

Fecal  Streptococci 

1,800 

13 

725 

E.  coll 

22,000 

13 

1,500 

*Leaa  than 

Table  2:   Logarithmic  survival  of  the  indicator  bacteria 
and  F-specific  RNA  bacteriophages  and  somatic 
coliphages  as  measured  by  the  MPN  method. 


Microorganism  Log  Survival 


UV  Effluent        CI-  Effluent 


F-specific  RNA  Bacteriophages  -2.77  -0.80 

Somatic  Coliphages  -1.10 

Total  Coliforms  -2.92  -0.90 

Fecal  Coliforms  -3,12  -1.18 

Fecal  Streptococci  -2.14  -0.39 

E.  coll  -3.22  -1.15 
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SUMHARY 

There   appeacs    to   be    a   valuable   uaage    of    hydrocyclones    foe    removing    from 
■ewage    the   saae    types   of    particles    they   have    been    tenovlng   fron  paper 
pulp   Cor   th«  past  SO  years.     The   recent   development   of   a  hydrocyclone 
which  can  be  operated  at   low  pressures,   due  to  the   recovery  of    Che 
kinetic  energy    In   fluid    leaving   the  device,    opens    up  new   possibilities 
for  use   of   hydrocyclones   foe   sewage   treatoent.     Itie  project   described   In 
the  attached    report   was    Co   explore    poaalble   envlronoental  application   of 
the   special  hydrocyclone,    by  designing  a  unit   for   lewage  treataent  and 
Ceating  Its  capability  of    renovlng  parclcuiace  aatter  froa  sewage. 

A  report  uai  written  on  the   variables   in  design  of   a  hydrocyclone  and 
the  probable  reaulta  of   changing   them.     Aiter  consultation  with  the 
Ministry    it    was   decided   that    a    unit    should   be    built    combining   high 
capacity   with   fine    particle    separation.      The    final    design  choice   was    an 
energy    recovery  design  with    a   25  Inch  diameter    cylindrical  section  and    a 
5   inch  diameter  exit   of   accepted   fluid  from  the  interior.      Such  a  unit 
was   constructed  of   mild  ateel  and  erected  at  Queen's  UnlveralCy   for 
testing  and  evaluation. 

The   teat    installation  used    a  supply    tank    of   2   cubic  meter   volume    with   a 
atlrrer    to   remix   Che    rejected   and    accepted    Clulda   which   returned   from 
the   hydrocyclone.      The    hydrocyclone  waa    fed    by    a  6    inch   pipe    line    from  a 
rubber    lined  pump.      The    inflow,    reject    flow  and   operating   preasures    were 
measured  and    saiqiles    taken  of    the   feed,    accepts   and   reject    fluida    for 
teatlng.      These    testa    involved  a   wet    acreen  anslysls   of    the   samples   and 
microscopic  examination  of    the   reaulting  Cactora. 

Tlie  hydrocyclone  handled  a   flow  of  37  licers/aecond  at   a  pressure 
differential  of   6  meters    and  waa    capable   of    removing  30Z  of    gtit    particles 
32  microns    in  diameCer.      Uric    particles    of   200  mesh  particle    size    were 
removed   coiqiletely    and  over  90X  of    grit    particles  400  mesh   in   size   were 
removed.      Studies   on   removal   of    sawdust   and   coffee  grounds    indicated 
that    Che  unit    had    roughly    che    same    removal    capabillCy    aa    for    grit    on 
particles    with   the   sane   aetcUng   velocity    In   tfsCer.      The   unit    removed 
virtually   all  grit   from  sewage  and  waa   efficient   In  removal  of    che 
larger  denae  granular   particles.      It   waa  not   very  effective   in  removing 

-  Ill  - 


I 


fibers,  sklna  and  fine  organic  parClclea, 


11     There  la  little  doubt  that  the  hydrocyclone  would  be  nich  more  effective 
n     than  existing  devices  In  removing  grit  fron  aevage.   Hany  particles 

which  are  presently  reaoved  by  prlnary  clarlflers  could  be  removed  by 
11     the  hydrocyclone.   The  resultant  Impact  upon  the  overall  performance  of 
■    a  treatment  plant  and  the  performance  of  the  secondary  system  la 

uncertain.   ThU  Is  however  a  new  tool  which  may  be  uaeful  to  provide 

iB^roved  treatment  of  effluents. 


Table  3:   The  microbiological  analysis  of  the  F-speciflc  RNA 

bacteriophages  and  somatic  coliphages  by  the  HF  method 
and  the  indicator  bacteria  after  UV  disinfection  with 
and  without  photoreactivation. 


Count/lOOniL 
Effluent 


Microorganisms 


Influent       Ho 

Photoreactivation 


Photoreactivation 


r-apeclfic  RNA 
Bacteriophages 
Somatic  Coliphages 
Total  Conforms 
Pecal  Conforms 
Fecal  Streptococci 
P.  aeruginosa 
B.  coll 


23,000 


130 


430 

3 

130,000 

170 

32,000 

40 

1,600 

1 

110 

4 

22,000 

34 

170 

2 

2,500 

290 

16 

4 

190 
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Table  4:   Loqarihhn.ic  survival  of  the  F-specific  RNA  bacteriophages  and 

somatic  coliphageg  as   measured  by  the  MF  method  and  the  Indicator 
bacteria  after  UV  disinfection  with  and  without 
photor^activation. 


Log  Survival 


Microorganism  No  Photoreactivation 


Photoreactivatlon 


F-specific  RHA  Bacteriophages 

Somatic  Coliphagea 
Total  Conforms 
Fecal  Conforms 
Fecal  Streptococci 
P.  aeruginosa 
E.  coli 


ges 

-2.20 

-2.10 

-2.10 

-2.30 

-2.90 

-1.70 

-2.90 

-2.00 

-2.30 

-2.00 

-1.40 

-1.40 

-2.80 

-2.10 
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mtcoduction 

Treatment  of  domestic  sewage  by  facultative  lagoons  is  coanon 
practice  for  smaller  communities  in  Ontario.   As  an  alternatlwe  to 
traditional  lagoon  treatment,  the  Province  o£  Ontario  has  conducted 
entenslve  research  and  demonstration  projects  to  determine  the 
advantages  of  utilizing  emergent  aquatic  plants  in  artificial  marshes  as 
an  alternative  treatment  of  domestic  seMage. 


d 


Harsh  systems  provide  treatment  of  wastewaters  by  both  physical  an 
biological  processes.   Biological  treatment  is  achieved  by  uptake  of 
nutrients  by  the  plant  canopy  and  by  decomposition  of  organics  In  a 
microbial  community  established  on  the  roots,  stems  and  hydrosol. 
Physical  treatment  processes  includes  precipitation,  absorption,  and 
floculation.   Emergent  plant  species  also  have  the  unique  ability  to 
translocate  oxygen  to  the  root  system,  both  In  living  plants  and  during 
the  winter  through  hollow  stem  tissue.   Oxygen  released  to  the  sediment 
and  water  column  from  plant  rhizomes  assists  In  maintaining  an  aerobic 
env  i  ronment . 


Initial  Investigations  of  marsh  treatment  systems  were  conducted  at 
Li  St owe  I ,  Ontario,  where  lagoon  effluent  and  aerated  ce 11  ef  fluent  was 
applied  to  various  marsh  system  designs.   Encouraging  results  from  the 


LlstoweL  study  led  to  the  development  In  t98S  of  a  full  scale, 
deMonstiation  artificial  raarsh  at  Port  perry,  Ontario.   At  both 
locatlona,  the  cattail  ( Ty  ph  a  angusti  Cqlia)  was  selected  as  the 
treatment  species  because  it  grows  vigorously  in  monoculture  stands  and 
It  Is  a  common,  native  species  readily  available  for  planting.   Early 
experimentation  also  suggested  that  this  species  was  effective  in 
treating  wastewaters. 

In  addition  to  Ontario's  two  native  species  of  cattail,  two  other 
emergent  plants,  phragmites  communis  (Common  Reed)  and  Scirpus  validus 
<Soft  Stem  Bulrush),  appear  to  meet  the  biological  criteria  necessary 
foe  successful  marsh  treatment.   Both  plants  grow  In  dense  monoculture 
standSf  ate  native  to  Ontario  and  ace  capable  of  thriving  in  highly 
enriched  aquatic  environments.   Research  conducted  principally  in  Europe 
indicates  that  phragmites  and  Scirpus  are  effective  at  treating 
wastewaters  in  artifical  marsh  environment.   However,  there  has  been 
little  Investigation  of  the  efficiency  of  phragmites  or  Scirpus  to  treat 
domestic  sewage  in  North  America. 

This  study  was  Initiated  to  evaluate  these  species  through  a  direct 
comparison  with  narrow  leaf  cattail  at  the  Port  Percy  sewage  treatment 
Caclllty.   The  study  objectives  are  as  follows: 

1}    To  review  and  consolidate  existing  InCornation  on  the  use  of  these 
species  for  treatment  of  domestic  sewage  for  waste  treatment . 

2)    To  establish  Identical  small  scale  cells  where  a  direct  comparison 
of  efficacy  of  treatment  by  three  emergent  plant  species  can  be 


under  taken . 

31    To  manipulate  hyrJiaulic  and  organic  loading  in  the  exper  inental 
systen  to  determine  optimum  operating  conditions  and  effluent 
quality  throughout  the  year. 

4)  To  develop  cultural  practice  that  would  provide  practical  guidance 
to  any  future  full  scale  use  of  a  selected  species. 

5)  To  use  the  comparative  data  developed  from  the  experimental  plots 
within  the  full  scale  marah  to  predict  treatment  capability  in  a 
full  operating  system. 


During  1987,  a  supplementary  substudy  was  Incorported  Into  the 
research  program.  The  primary  objective  of  this  substudy  was  to 
determine  the  effectiveness  of  a  polishing  cell  supporting  a  floating 
cover  of  duckweed  as  a  means  to  remove  ammonia  and  phosphorus  from  marsh 
treatment  system  eCfluent. 

The  study  extended  over  a  two  year  period  and  was  completed  in  the 
fall  of  1987.   For  this  reason,  only  preliminary  results  and  conclusions 
are  presented  In  this  report. 


Methoda 

The  expecinental  marsh  site  was  located  adjacent  to  the  existing 
deaonstration  narsh  at  port  perry.   Four  steel  cells  were  constructed, 
each  15m  by  l.Sm,  providing  a  length  to  width  ratio  of  lOil.   In  the 
first  year,  ■onocultuce  stands  of  Phragmitea,  Typha ,  and  Scirpus  were 
eBtabllshed  by  transplanting  root  stock  into  three  of  the  cells.   The 
fourth  cell  served  as  a  control  cell.   The  four  cells  were  loaded  with  a 
conBon  influent.   Figure  1  illustrates  the  physical  layout  of  the 
experinental  facility  with  the  exception  that  the  control  cell  is  not 
shown . 

Loading  rates,  water  depths  and  theoretical  retention  times  for 
year  1  operation  (August  1986  to  February  1987)  and  year  2  (Hay  1987  to 
October  1987)  are  given  in  Table  1.   Hater  depth  was  controlled  by 
atandpipe  height  in  each  cell.   For  winter  operation  (November  to  Hay), 
all  cell  depths  were  adjusted  to  30  cm,  with  corresponding  retention 
times  of  15  days. 

Cell  effluents  were  sampled  twice  monthly  beginning  in  September 
1987.   Sample  frequency  was  reduced  to  once  a  month  beginning  In 
November,  and  continued  on  a  monthly  basis  during  the  winter. 
Bi-monthly  sampling  resumed  in  Hay,  1987.   The  study  will  continue 
through  the  fall  of  1987  until  the  end  of  October,  1987. 

BfCluent  samples  from  each  cell  were  analysed  for  concentrations  of 
BOD,  suspended  solids,  total  phosphorus,  kjeldahl  nitrogen  and  ammonia. 
Nitrate  concentrations  were  determined  for  selected  samples. 


oeiAJLS  cr  expcrimcniju.  cols 


I  I 


t^^ 


iM 


/**■" 


i«^».. 


T- ■ '     ■■'■■'"'"■ 


Figure  li  Physical  layout  of  axperijmntai  Fmrsh  facility  located  at  Port  Perry,  Cntario  to  conpare 

ths  capaoility  of  three  epergent  aquatic  plant   species  ( Phra^rutes  ccnnunis,   Typha  anguatifolia, 
and  ScirpuB  validus)  to  treat  dcnsstic  sewage.  A  fourth  cell  serving  as  a  control  is  not  shown. 


Table    1:    Loading    rates ,    water    depth,    and    theoiet  leal    le tent  ion    t  imes 
Coc    expec inental   cells. 

Loading    Rate 

(cubic   raeters/ha/day) 

1986 


Hater  Depth 

Retention 

Time 

(cm) 

(days) 

10 

S 

20 

10 

30 

15 

30 

15 

Phragwites  200 

Typha  200 

SclcpuB  200 

Control  cell  200 

1987 

PhragiiltaB  200                                            15'                                 7.5 

Typha         ~  200                                                 15                                       7.5 

SclcpuB  200                                                 30                                       15 

Control  cell  200                                            15                                   7.5 
Duckweed   polishing 

Cell**  600                                                 15                                       2.5 

•         water    depths    adjusted    July    7,    1987 

••      duckweed  cell    operational   July    13,    1987 


I 
I 
I 
I 
I 


Concentrat  ions  of  ammon  ia ,  d I s solved  oxygen  and  hydroyen  sulfide  were 
also  determined  with  field  test  kits  at  the  experiaental  site. 

In  the  first  year  of  operation,  aeration  cell  effluent  served  as 
Influent  for  the  experimental  marsh  facility.   The  quality  of  aeration 
cell  effluent  was  monitored  regularly  by  the  Ministry  of  the 
Environment.   in  the  spring  of  1987,  decowmissioning  of  the  aeration 
cell  precluded  this  source  as  an  influent,  and  a  mixture  of  raw  sewage 
and  lagoon  effluent  was  used  to  provide  a  suitable  influent.   Sampling 
of  the  diluted,  raw  sewage  influent  was  incorporated  into  the  existing 
sampling  program  to  monitor  Influent  quality. 

Initially,  water  depths  were  adjusted  in  each  cell  to  depths  that 
best  suited  the  ecology  of  each  species  (Table  1) ,   As  pact  of  the  study 
program,  water  depths  in  each  cell  were  adjusted  to  15  cm  in  the  second 
year  to  remove  the  effect  of  different  retention  times  between  cells. 
Also  during  July  1987,  use  of  the  fourth  cell  as  a  control  was 
discontinued  in  order  to  establish  a  duckweed  polishing  cell.   Effluent 
from  the  three  plant  cells  was  routed  to  a  reservoir  from  which  a  mixed 
influent  was  pumped  to  the  duckweed  polishing  experiment. 

Influent  and  effluent  of  the  duckweed  polishing  cell  was  sampled 
twice  weekly  and  tested  for  concentrations  of  ammonia,  dissolved  oxygen 
and  hydrogen  sulfide  with  field  test  kits.   Samples  of  influent  and 
effluent  were  also  collected  in  conjunction  with  the  on-going  sampling 
program  (or  laboratory  analysis.   Operation  parameters  for  the  duckweed 
polishing  cell  are  given  in  Table  1. 


Duckweed  was  harvested  regularly  from  the  polishing  cell  to  maintain 
a  7St  or  greater  coverage  and  as  a  means  to  remove  nuti lents  Erom  the 
water  column.   The  harvested  duckweed  was  dewatered  centr if ugally  using 
a  hand  operated  salad  spinner,  and  the  wet  mass  deternined.   Samples  of 
harvested  duckweed  were  dried  to  determine  percent  moisture  content,  and 
cepceaentat ive  samples  frozen  Cor  subsequent  determination  of  nitrogen, 
phosphorus  and  organic  content  by  laboratory  analysis.   This  information 
would  be  used  to  assess  the  potential  of  duckweed  harvest  as  a  means  of 
nitrogen  and  phosphorus  removal. 
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Results 

Tables  2  and  3  give  results  to  date  of  influpnt  and  effluent  water 
quality  data  for  the  experimental  cells  and  the  duckweed  substudy, 
respectively.   Table  2  presents  results  of  analysis  from  the  1986  summer 
period  (September  to  October,  19B6) ,  the  winter  period  (November  19B6  to 
February  1987)  and  the  1987  summer  period  (May  1987  to  Hovember  1987). 

Loading  of  the  experimental  facility  began  in  the  summer  of  19B6. 
Effluent  sampling  commenced  In  Septenbec.   In  the  first  year  of 
operation,  leakage  in  the  control  cell  precluded  filling  of  the  control 
cell  until  November.   In  mid  -  February,  the  marsh  facility  completely 
froze ,  and  winter  sampling  ceased  at  that  point. 

Startup  of  operations  In  the  spring  of  1987  was  delayed  until  a  new 
influent  source  was  developed  for  the  experimental  marsh.   Hater  depths 
in  all  cells  were  adjusted  to  15  cm  on  July  7,  1987.   The  water  depth  in 
the  Scirpus  cell  was  restored  to  30  cm  following  sampling  on  July  28  in 
an  effort  to  halt  an  obvious  dieback  of  ScJrpus  that  was  concurrent  with 
the  initial  adjustment  oC  water  depth  to  15  cb. 

The  results  presented  in  Tables  2  are  summarized  below  In  terms  of 
individual  water  quality  parameters.   Results  of  the  duckweed  polishing 
cell  substudy  are  presented  in  Table  4  and  summarized  at  the  end  of  this 
sect  ion . 

Biological  Qyygen  Demand  fBOD) 

All  cells  provided  good  reduction  of  BOD.   influent  concentrations 


Table    2l    Experinental    Cells    EfHuent    Test    Results    ~    Average    Values       1986-1987 
Date  Sumaer,    1986  Uinter,    1986-1987  Sumnei,    1987 


15  15.4  52-9 

2.5  4.25  7.3 

1.5  6.25  9.1 

0.9  5.25  2-8 

n/«  4.5 

10.5  17.2  84.2 

1  15.5  24.9 

4.25  18. ;S  17.8 

2.75  16      ■  II. 7 

n/a  22.3 

8.5  12.84  6.1 

1.9  '      8.8  0.71 

1.7  10.9  3.1 

0.61  8.9  l.B 

n/a  9.6 

10.3  14  H.2 

1.69  11.1  1.82 

0.90  n.9  3.9 

0.71  11.1  2.7 

n/a  11.4 

5-1  9.9  3.8 

5  4.7  3.5 

3.3  2.9  1.84 

5.7  4.1  2.8 

nl*  9.7 

0.53  0.54  2.7 

0.07  0.17  0.56 

0.1  0.17  0.85 

0.13  0.06  I .03 

n/a  0.14 

lUS               Influent                                                   0  0  <,; 

(■l/L)         phragaitea                                              0  o  o 

Typha                                                         0  0  2.5 

Scirpus                                                     0  0  0 

Control                                                 n/a  0 

n/a   -    Data    not    available 


Paraaetec 

BOD 

Influent 

(-8/L) 

Phcagaitea 

Typha 

Sc  irpus 

Control 

S.S. 

Influent 

(■S/L) 

Phragaitei 

Typha 

Scirpus 

Control 

AMBonia 

Influent 

(■g/L) 

PhragHites 

Typha 

Sclrpua 

Control 

ncM 

Influent 

(■b/l) 

Phragaicea 

Typha 

Scirpus 

Control 

D.O. 

Influent 

(■■/L) 

Phragaitea 

Typha 

Scirpus 

Control 

Total    P 

Influent 

(-g/L) 

Phragaitci 

Typha 

Scirpua 

Control 
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T«blp    I:    F-xpfr  imfntnl    Cp  1 1  ■    Effluent    Test    RpHuIta    -    AviTA^f    Valurit       1986-1987    (con't) 


natp 

rsr  amf t pr 

NO  Influent 

("r/U  Plir»Bmit*« 

Typhn 
Sc  irpiis 
Cont  tol 

Fecal    C,     Influonl 

Phm^nites 
Typha 
Sc  i  rpus 
Control 


Siiminpr,     1986 


Winter,     1986-198? 


16900 

350 

II 

4 


31000 

2260 

I  700 

1550 

200 


Summer ,     I  987 


0-05 
0.03 
0.02 
0.0* 


2880000 

10300 

32700 

3280 


Strepto.    Influent 

PhragmitCB 
Typha 
Sc  i  rpus 
Control 


1060 

160 

52 

72 

»/■ 


5i.00 

330 

930 

370 

42 


B4000 

11900 

46000 

2600 


n/a   -    Data    not    available 


Tabic  3:   DuckvMd   Potiabins  Call  -  Uacci'  Qualicy  and  Bioaaa*  Barvatclsg  Data  -Avaraf*   laauUa 

Paraaacer  A^Moia  TP  DO  H,S  BOD  S.5.  TKH  T?  NO  Facal   Colifarva 

(■g/L)         <«g/L)         {Ml/L)         CbiTO         (as/U         (ag/U         {■»/!-)         (■»/!■)         (-g/ij 

mtUaot  2.7  2.U  2.5  0  3.2  57.7  2.1  0.87  0.035  5500 

CffUant  0.68  0.62  8.4  0  1-8  -0.7  1.16  0.41  0.03  870 
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were    rel-itively    Uiw    in    the    first  yeat ,    averaging    15    mq/L,    but    averaged 
over    50    mg/l,    in    the    second    year.       Concentrations    of    BOO    in    cell 

effluents    were    normally    below    10  mq/L.       Treatment    efficiency    declined 
during    the    winter    period. 

Suspended    SoUds 

Similar    to    BOD,    concentrat ionfl   of    suspended    solids    In    the    Influent 
Increased    from    the    first    year    to    the    second,    averaging    less    than    20   mg/L 
in    the    first    year,    and    more    than    80    "g/L    In    the    second.       Treatment 
efficiency    was   good    by    all    species,    though    treatment    efficiency   declined 
in    the    winter.       Effluent    concentrations   of    suspended    solids    normally 
remained    below    20    mg/L. 

ftmmonia    and    TKN 

Influent   concentrations    of    ammonia    ranged    between    5    and    15    mg/L 
during   both   years.      While   all   of    the   cells   provided   good    reduction   of 
ammonia,    concentrations    of    ammonia    In    cell    effluents    Increased    during 
the    winter.       Similar    to    ammonia,    good    reductions    of    TKN    were    achieved 
during    the    summer,    but    declined    during    the    winter    period.    Influent 
concentrations    of    TKN    averaged    between    10    and    15    »g/L  during    the    study 
per lod . 

Dissolved    Oxygen    and    Hydrogen    Sulfide 

Dissolved    onyqen    concentrations    In    the    influent    averaged    above    5«g/L 
in    the    first    year    and    below    4    mg/L    In    the    second    year.       Of    the 
experimental    cells,    dissolved    oxygen    concentrations    were    usually    lowest 
in   effluent    from    the   Typha  cell.      While   no   hydrogen   sulfide   was   detected 
in    cell    effluents   during    the    first    year,    hydrogen    sulfide    concentrations 


averaged  2.5  "ig/L  in  effluent  fco«  the  Typha  cell  during  the  second 
BUHiiec  . 

Total  Phosphates  (TP) 

Influent  concentrations  of  TP  were  approximately  O.S  ng/L  in  the 
first  year,  and  averaged  2.7  ng/L  in  the  second  year.   Concentrations  of 
TP  were  reduced  in  all  cells  during  both  years  of  the  study. 

Nitrate 

Selected  saaples  of  influent  and  effluents  were  analysed  during  the 
second  BuMHer  for  nitrate  concentration.   Effluent  concentrations  in  the 
Influent  and  cell  effluents  averaged  below  O.OS  ng/L. 

Bacter la 

Concantratlons  of  bacteria  (Pecal  colifocnB  and  Streptococcus)  were 
reduced  in  all  cells.   Effluent  fron  the  Typha  cell  normally  contained 
the  highest  concentr'ations  of  bacteria. 
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Results  of  the  Duckweed  Polishing  Cell  Substudy 

Results  prespnted  in  Table  3  Indicate  that  significant  reductions  of 
ammonia  were  achieved  by  the  polishing  cell,  although  reductions  in  TKH 
were  not  as  great.   TP  concentrations  were  reduced  as  well. 

Further  reductions  In  BOD  were  obtained  by  the  polishing  cell, 
however,  reductions  in  suspended  solids  were  not  as  pronounced. 
Dissolved  oKygen  concentrations  were  usually  considerably  higher  in  the 
effluent  than  influent,  and  the  presence  of  hydrogen  sulfide  was  not 
detected  on  any  occasion  in  the  effluent.   Nitrate  concentrations  were 
below  0,1  ng/t,  in  influent  and  effluent. 

Regular  harvest  of  duckweed  and  algae  occurred  through  the  study 
period,  and  an  average,  approx inately  ISO  g/n   of  fresh  bionass  was 
removed  weekly . 


Discussion 

Developnent  of  thick,  homogeneous  stands  ot  phragwites  and  Sci  tpus 
dur Ing  the  study  period  indicates  that  these  species,  like  cattails,  can 
tolerate  shallow,  lagoon  env iconnents  treating  wastewaters  oE  noderate 
strength.   Over  the  two  year  period,  no  Intrusion  of  one  species  into 
adjacent  cells  was  observed,  reflecting  the  ability  of  the  expertnental 
species  to  develop  hardy  stands  capable  of  withstanding  competition  from 
other  energent  species .   Thus ,  where  sufficient  root  stock  was 
available,  it  would  appear  possible  to  establish  large  and  stable 
treatnent  facilities  with  any  of  the  three  species  evaluated. 

Deternlnlng  the  environmental  linltatlons  of  the  experimental 
species  was  not  a  primary  objective  of  this  study.   However, 
observations  were  made  of  environmental  requirements  which  were 
considered  Important  when  considering  the  use  of  these  species  for 
wastewater  treatment* 

At  different  times  during  the  study,  raw  sewage  was  accidentally  or 
purposely  applied  to  the  cells.   Both  Sc  irpus  and  Phr  agmi  tes  reacted 
negatively  to  raw  sewage  inputs,  and  dieback  of  these  species  might  have 
occurred  If  loading  with  raw  sewage  was  continued.   Reduced  plant  health 
waa  Indicated  by  slumping  plants  and  loss  of  colour  and  vigour  in  the 
leaves  and  stems.   Typha ,  in  comparison,  appeared  to  suffer  no  negative 
effects  from  raw  sewage  loading.   Indeed,  the  raw  sewage  supply  employed 
during  the  second  year  of  operation  was  directed  to  the  Typha 
demonstration  marsh,  and  overflow  from  the  raw  sewage  supply  standpipe 
into  the  demonstration  marsh  appeared  to  have  little  deleterious  effects 
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on  3U[ [ounding  cattails. 

During  the  second  season,  water  depth  in  the  experimental  cells  was 
adjusted  to  15cni,  in  order  to  provide  equal  retention  tiaes.   A  severe 
and  rapid  dleoff  of  Sctrpua  followed  the  depth  adjustment.   The  dieoff 
should  possibly  have  been  anticipated,  as  Scirpus  is  best  adapted  to 
deeper  waters,  and  requires  support  In  the  lower  sten  to  maintain 
healthy  growth. 

The  water  depth  was  maintained  at  15  ci»  in  the  Scirpus  cell  for  four 
weeks ,  and  at  no  t  ime  was  the  Ir  any  Indlcat  ion  of  accl Imation  to  the 
reduced  depth,   when  the  water  depth  in  tht  Scirpus  cell  was  re-adjusted 
to  30  cm,  surviving  plants  returned  to  their  original  vigour  relatively 
qu  ickly . 

While  the  depth  change  was  greatest  in  the  Scirpus  cell  OOcn  to 
15cm),  Typha  and  Phragmi  tes  did  not  suffer  any  observable  negative 
effects.   This  observation  is  perhaps  most  Interesting  in  terms  of 
Phragmi tes  health,  as  phragmi tes  raraly  occurs  naturally  where  surface 
waters  are  continuously  present. 

Duckweed  Cully  colonized  the  polishing  cell  shortly  after  the  cell 
was  filled  in  mid  July,  and  regular  harvest  of  healthy  plants  occurred 
for  atraut  two  weeks  before  the  plants  paled  and  growth  rate  dlnlntshed. 
While  the  cause  of  the  decline  In  duckweed  vigour  and  growth  rate  is  not 
fully  understood,  it  is  possible  that  excessive  heating  of  leaf  surfaces 
occurred  during  August.   The  walls  of  the  polishing  cell  were  painted 
black,  and  it  Is  likely  that  significant  heat  energy  was  radiated  to  the 


upper  leaf  surface.   A  white  netting  material  was  subsequently  used  to 
reduce  solar  radiation  (mesh  size  of  approximately  1  era),  and  which 
appeared  to  improve  duckweed  growth.   Removal  of  the  screen  in  early 
September  further  loptoved  growth  as  air  temperatures  moderated. 

Concurrent  with  the  loss  of  duckweed  vigour,  an  algae  growth 
developed  entraining  the  duckweed  roots,  which  further  reduced  their 
growth  rate  during  the  mid  summer  period.   Regular  harvesting  of  algae 
and  duckweed,  and  transplanting  healthy  duckweed  to  the  polishing  cell 
proved  effective  in  controlling  algae  growth. 
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Conclua  ions 

while  this  report  Is     Intended  to  be  only  prpliminary,  a  number  of 
general  conclusions  can  be  drawn  at  this  time. 

1)  Good  ceductions  In  BOD  and  suspended  soltda  concentrations  were 
ach  ieved  by  all  species . 

2)  The  experimental  results  Indicate  that  both  phcagwites  and 
Sclrpua  may  be  more  effective  than  Typha  in  treating 
domestic  sewage,  partlculary  in  teems  o£  hydrogen  sulfide, 
ammon la ,  and  bacter  ia  c eductions . 

3)  The  loss  of  healthy  growth  of  Scirpus  in  the  second  year 
resulting  from  reducing  the  water  depth  complicates 
interpretation  of  effluent  data  from  that  cell.  In  the  first 
year,  the  Scl rpus  cell  provided  the  best  overall 
treatment  of  the  experimental  species. 

4)  Use  of  a  duckweed  polishing  cell  would  appear  to  offer 
potential  for  remov  ing  ammonia  and  phosphorus  from  artificial 
marsh  effluent , 
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Inlroduclion 

Phosphonis  reaoval  In  Mjntclpal  wastewater  treataient  plants  Is  usually  achieved 
by  conventional  methods  such  as  physlcochemtcal  precipitation  with  metal  salts. 
Including  alua,  ferric  chloride  and  lime.  While  these  methods  have  proven 
themselves  reliable  In  reducing  plant  effluent  total  phosphorus  concentrations 
to  1  mg/L  and  less,  as  effluent  criteria  become  more  demanding,  the  chemical 
costs  Increase  dramatically. 

The  concept  of  biological  phosphorus  (blo-P)  removal  by  activated  sludge  In 
excess  of  that  required  for  normal  cell  metabolism  was  first  reported  In  1955  . 
The  economic  advantages  of  utilizing  biological  as  opposed  to  physlcochemlcal 
methods  of  phosphorus  removal  In  the  treatment  of  wastewater  were  immediately 
realized.  These  Include  a  reduction  In  chemical  costs  for  phosphorus  removal, 
reduced  aeration  costs,  and  Improved  sludge  handling. 

Subsequent  research  has  led  to  an  Increased  understanding  of  the  mechanisms 
Involved  and  the  development  of  several  proprietary  processes  '  .  Many  are 
conmerclally  available  and  are  marketed  under  trade  names  such  as  A/0. 
Bardenpho.  Phostrlp,  UCT  (University  of  Cape  Town),  and  Phoredox.  Figure  1  Is 
an  Illustration  of  the  flow  diagrams  for  the  various  processes  . 

Each  of  these  processes  Incorporates  an  anaerobic  stage  and  an  aerobic  stage. 
The  anaerobic  stage  Involves  a  concurrent  assimilation  of  organic  matter  and 
release  of  phosphate  .  This  Is  accomplished  in  the  presence  of  polyphosphate 
(Polyp)  organisms  which  have  the  ability  to  store  polyphosphate  In  larger 
amounts  than  normally  required  for  cellular  functions  .  Initially,  the  release 
and  uptake  of  phosphates  was  attributed  to  the  Aclnetobacter  strain  of  bacteria, 
but  more  recent  research  has  Indicated  that  other  organisms,  such  as  Aeromonas 
punctata  also  play  In  lanportant  role  In  the  phenomenon 

The  Polyp  organisms  convert  the  organic  matter  during  the  anaerobic  stage  to 
Intermediate  storage  products.  Including  poly-B-hydroxybutyrate  (PHB)  and  at  the 
same  time  release  polyphosphates  .  In  the  aerobic  stage  the  stored  PHB  acts  as 
an  energy  source  for  the  synthesis  of  new  cells  during  which  time  the  released 
polyphosphates  are  accumulated  In  the  new  cells.  The  accumulation  of 
polyphosphates  In  the  aerobic  stage  Is  greater  than  Its  release  In  the  anaerobic 
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stage  resulting  In  a  sludge  wUh  a  high  phosphorus  content  .  The  phosphorus  Is 
reMOved  froa  the  systen  by  wasting  a  portion  of  the  return  sludge,  as  In  a 
noraul  waste  activated  sludge  systen. 

Several  full-scale  studies  have  been  conducted  on  existing  municipal  wastewater 

activated  sludge  treatment  plants  to  determine  the  feasibility  of  retrofitting 

II  II 
the«  for  blo-P  removal   •   .  Each  retrofit  situation,  however.  Is  site-specific 

and  a  plant  should  be  given  Individual  consideration  In  tems  of  wastewater 

characteristics,  operational  difficulty,  and  cost  effectiveness  before   a 

retrofit  Is  lnvlenented. 

The  Lakev lew  Water  Pollution  Control  Plant  (UPCP)  In  NIsslssauga.  Ontario 
currently  achieves  phosphorus  removal  by  precipitation  with  ferric  chloride.  An 
assessment  of  the  wastewater  to  the  plant  Indicated  that  It  met  the  requirements 
for  a  blo-P  removal  retrofit  .  On  this  basis,  the  plant  was  chosen  as  the  site 
for  a  full-scale  demonstration  study.  The  objectives  of  the  three  phase  study 
were  to  demonstrate  the  benefits  of  blo-P  removal  In  a  full-scale  operation. 

Phase  1  was  an  operation  of  the  test  aeration  tank  without  chemical  addition  to 
purge  the  residual  Iron  from  the  system  and  provide  a  sludge  for  biological 
phosphorus  removal.  Phase  2  involved  the  introduction  of  an  anoxic  zone  in  the 
first  pass  of  the  test  aeration  tank.  It  examined  the  effect  of  minimum  air 
supply  in  the  removal  of  phosphorus  and  system  operation.  Phase  3  involves  the 
Introduction  of  an  anaerobic  zone  In  the  test  aeration  tanks  to  examine 
biological  phosphorus  removal  efficiency. 

This  report  focuses  on  the  third  phase  of  the  study  which  was  designed  to  assess 
the  potential  reduction  In  chemical  precipitant  dosage  white  still  achieving  a 
high  level  of  phosphorus  removal,  and  possible  savings  In  overall  power  costs, 
while  Identifying  any  operational  difficulties  resulting  from  the  process 
modifications. 
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Materials  and  Methods 

Lakevlew  Water  Pollution  Control  Plant 

The  lahevlew  HPCP  Is  located  In  the  south  east  portion  of  the  Ctty  of 
Hisslssauga.  The  Plant  was  Initially  constructed  In  1961  with  a  design  capacity 
of  22,500  m  /d.  An  extension  In  1967  Increased  this  capacity  to  56.000  m  /d. 
In  1968  a  plan  for  the  control  of  water  pollution  In  South  Peel  was  established 
In  which  the  Lakevlew  and  Clarkson  plants  were  designated  to  serve  the  east  and 
west  sections  of  South  Peel,  respectively.  The  plant  capacity  was  subsequently 
expanded  to  168.000  m  /d  in  197?.  A  third  plant  was  added  In  1975  which  brought 
the  total  facility  capacity  up  to  its  present  value  of  280,000  ■  /d. 

Figure  ?  is  a  process  flow  schematic  of.  the  Lakevlew  WPCP.  The  wastewater 
undergoes  primary  and  secondary  treatment  Including  screening  and  grit  removal, 
primary  settling,  aeration,  final  Settling,  chemical  phosphorus  removal  and 
disinfection  prior  to  discharge  to  Lake  Ontario.  The  secondary  sludge  undergoes 
thickening  after  which  It  Is  combined  with  the  primary  sludge  and  sludge  from 
the  Clarkson  plant.  The  sludge  Is  subject  to  thermal  conditioning  and 
dewatering  prior  to  Incineration.  Sldestreams  from  the  thermal  conditioning 
unit  and  the  dewatering  facility  are  anaerobtcalty  treated  in  Hyan  reactors  and 
recycled  to  the  plant  headworks  along  with  centrate  from  the  centrifuge  sludge 
thickeners. 

An  average  effluent  phosphorus  concentration  of  1  mg/L  Is  presently  achieved  at 
the  Lakevlew  WPCP  by  precipitation  with  ferric  chloride.  A  ferric  chloride 
solution  Is  added  to  the  activated  sludge  secondary  treatment  sections.  The 
aeration  tanks  are  of  three  pass  tanks  equipped  with  coarse  bubble  diffusers 
along  one  side  to  provide  a  spiral   flow  pattern. 

Plant  Modifications  for  Biological  Phosphorus  Demonstration 

The  blo-P  demonstration  was  conducted  In  the  first  plant  (system  1)  and  Its 
expansion  module  {system  2)  as  shown  In  Figure  3.  System  1  consists  of  two 
equally  sized  aeration  tanks  (No.  1  and  No.  2)  and  four  final  settling  tanks 
(Final  1-4),  System  ?  consists  of  two  equally  sized  aeration  tanks  (Ho.  3  and 
No.  4)  and  two  final  clarlflers  (Final  5    and    Final     6).       Each    system    has     a 
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separate  return  sludge  facility.  Both  systems  receWe  their  feed  from  the  some 
primary  effluent  channel.  System  1  was  operated  normally  as  a  control  unit  and 
SysteK  2   used  for  the  demonstration. 

The  capacity  of  each  system  ts  approximately  2B,400  m  /d  (6.25  HGO).  or  about 
13*  of  the  total  plant  capacity.  In  the  event  of  operational  failure  of  the 
blo-P  demonstration  system,  the  Impact  of  the  test-system  effluent  on  the 
overall  plant  effluent  quality  would  not  have  been  significant.  The  design 
parameters  of  the  systems  are  shown  In  Table  1. 

Table  1  Design  Parameters  of 
Control  and  Test  Systems 

Design  Parameters 
Component  System  I  (Control)   System  2   (Test) 

Aeration  Tanks 

Number  of  tanks  2  2 

Total  tank  volume  (■*)  7,200  6.900 

Final  Settling  Tanks 

Hunter  of  tanks  4  2 

Tank  area  (m')  1,126  9€6 

Tank  volume  (m*)  3,770  3.540 

Weir  length  (m)  284  338 

An  anaerobic  zone  was  Introduced  In  the  first  pass  of  the  aeration  tanks  of  the 
demonstration  system  by  shutting  off  the  air  supply.  Mixing  was  maintained  In 
the  tanks  through  the  Installation  of  three  5.6  kw  mixers.  Due  to  the  fact  that 
there  were  only  three  mixers  available,  the  two  aeration  tanks  In  the  blo-P 
demonstration  system  were  operated  with  different  configurations.  Aeration  Tank 
No.  3  hod  two  mixers  In  the  first  two-thirds  of  the  first  pass  while  Aeration 
Tank  No.  4  had  one  mixer  placed  In  the  first  one-third  of  the  first  pass.  The 
aeration  was  reduced  to  provide  a  liquid  velocity  of  approximately  0.3  m/s  In 
the  next  one-third  to  prevent  any  solids  from  settling.  The  return  sludge  from 
the  two  demonstration  tanks  could  not  be  separated,  however,  and  was 
consequently  returned  to  trath  tanks  via  a  common  line. 
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SampHnq  and  Analysts 

Ihe  tnflupnt  and  effluent  for  the  control  and  demonstration  systems  were 
analyzed  for  the  study.  Because  the  operating  configuration  of  the  two  aeration 
tanks  of  the  demonstration  system  were  not  Identical,  they  were  monitored 
Individually.       Samples     were     ?4-hour    composite     except     as     Indicated.  The 

parameters  monitored,  sampling  locations,  and  weekly  sampling  frequency  are 
listed   In   Table  ?. 


Table  2     Parameters  Monitored,   Sampling  Locations 

and  Weekly  Sampling  Frequency  for 
Blo-P  Demonstration 


Parameter 


Flow 
000 1 
BODs 
SS 

Pt 


Recycle  Flow 

HISS  . 

MLVSS 

Haste  Sludge  Flow    ^ 

Waste  Sludge  Solids 

SVI 


Primary 


Sompl 


rrniiertr 


tng  Points  and  Weekly  frequency 
'"  Final  Settll 


Aeration  Tanks 


r^T 


T 


1-415 


^ 


Tanks 


*  Grab  samples 

In  addition  to  those  parameters  shown,  samples  were  taken  of  the  primary 
Influent,  mixed  liquor,  and  final  effluent  and  analyzed  for  Iron.  This  was  done 
to  determine  the  Iron  recycled  In  the  system  through  the  various  process 
sidestreams    and    to    assess    the    degree    of     blo-P     removal. 


All  analyses  were  performed  according  to  Standard  Methods 
analyzed  on  a  Vartan  SpectrAA  -  ?0. 


Iron  samples  were 
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Results  and  Discussion 
Phase  1  and  Phase  2 

The  blo-P  denonstratton  consisted  of  three  phases.  Phase  1  and  2  were  conducted 
only  on  the  expansion  nodule  or  the  first  plant  with  one  aeration  tank  serving 
as  a  test  train  and  the  other  serving  as  the  control  train.  Phase  1  was  simply 
an  operation  of  the  test  train  without  chemical  addition  In  order  to  purge  the 
residua]  Iron  fro*  the  systen  and  provide  a  sludge  conducive  to  blo-P  reiMval. 
It  was  found,  however,  that  even  after  the  addition  of  ferric  chloride  to  the 
test  train  was  discontinued  for  four  aonths,  the  concentration  of  Iron  was  still 
high,  approxlHtely  Zl  ng  Fe/g  SS  In  the  alxed  liquor.  Analysis  of  the  raw 
wastewater,  centrate,  HYAN  reactor  effluent,  priMry  Influent,  and  prlnary 
effluent  revealed  that  nost  of  Iron  In  the  prlaary  effluent  was  from  the  recycle 
of  centrate  and  HYAN  reactor  effluent.  These  sources  accounted  for 
approxiMtely  5M  of  the  total  Iron  In  the  systea.  The  two  recycle  streaias, 
however,  could  not  be  diverted  due  to  prohibitive  costs. 

Phase  2  of  the  deaonstratton  was  designed  to  exaalne  the  effect  of  an  anoxic 
zone  In  the  first  pass  of  the  test  aeration  tank  on  phosphorus  removal.  The 
aeration  tanks  are  spiral  flow,  three  pass  tanks  with  diffusers  located  on  one 
side.  During  nornal  operation,  the  air  supply  to  the  tanks  for  the  mixing  and 
oxygen  requirements  Is  capable  of  creating  a  spiral  flow  velocity  of  1.2  to  l.B 
■/s  at  the  tank  floor.  For  the  demonstration,  the  air  supply  to  the  entire 
first  pass  was  reduced  to  maintain  a  spiral  flow  velocity  of  approximately  0.45 
■/s.  At  this  velocity,  the  dissolved  oxygen  In  the  first  pass  was  measured  to 
be  0  «g/L. 

For  the  first  35  days  of  Phase  2  the  test  train  was  operated  without  chemical 
addition  for  phosphorus  removal.  The  effluent  phosphorus  concentration  during 
this  tine  averaged  2.6  mg/L,  a  reduction  of  59X  of  the  Influent  value  of  6.' 
■g/L.  The  aeration  tank  operating  with  only  an  anoxic  zone  was  not  capable  of 
providing  an  effluent  suitable  for  discharge  and  chemical  addition  was  resumed 
In  the  second  portion  of  Phase  2. 

The  test  train  was  operated  for  periods  of  19  days  and  16  days  at  Iron  doses  of 
1.5  mg  Fe/L  and  3.0  mg  Fe/L,  respectively.  At  a  dose  of  3.0  mg  Fe/L,  the  test 
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train  produced  an  effluent  with  an  average  phosphorus  concentration  of  1.09  nig/t 
whi le  the  control  train  produced  an  effluent  with  an  average  phosphorus 
concentration  of  1.07  mg/L  at  Its  normal  dose  of  about  10  mg  Fe/L.  In  effect, 
the  test  train  achieved  the  same  effluent  phosphorus  concentration  with  7QX  less 
chemical  addition. 

Phase  3 

As  mentioned  previously.  In  the  third  phase  of  the  demonstration  study,  both  the 
first  plant  and  Us  expansion  module  were  used  and  operated  as  a  control  system 
and  a  test  system  respectively.  Addition  of  chemical  precipitant  (FeCI)  was 
discontinued  In  the  test  system.  To  ensure  that  the  control  and  test  systems 
were  operating  under  otherwise  comparable  conditions,  the  operating  parameters 
for  the  aeration  tanks  and  final  clarlflers  were  monitored.  The  average  values 
for  these  parameters  are  listed  In  Table  3.  It  should  be  noted  that  Aeration 
Tank  Ho.  4  was  taken  out  of  service  for  repair  to  Final  Clarlfler  No.  6  at  day 
38  of  the  study  and  the  values  presented  reflect  the  performance  of  the  tank 
until  that  point. 

Table  3  Average  Operating  Parameters 
of  Control  and  Test  Systems 


t 

Average  Flow  (m  /d) 
Aeration 

Detention  Time  (hrs.) 

Organic  Load  (kg  BOO/m'.d) 

M1.SS 

F/M 

SVI 

Final  Settling 

Detention  Time   (hrs.) 
Surface  Overflow  (m'/m'.d) 
Weir  Overflow  (m'/m-d) 

Throughout  the  study,  the  operation  of  the  control  and  test  systems  was  examined 
to  determine  whether  the  blo-P  demonstration  systems  exhibited  any  operational 
difficulty.  After  day  36  of  the  study  It  was  observed  that  some  odour  could  be 
detected   in  Aeration  Tank  No.   3.     By  day  38  the  operating  configuration     of     the 
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Control   System 
A.T.    1  fc  2 

lest 
A.T.  3 

System 
A.T.   4 

24,740 

11.250 

12.430 

7.16 
0.64 
3.026 
0.25 
63.0 

7.46 
0.64 
2.729 
0.29 
82.7 

6.72 
0.74 
3.256 
0.39 
86.2 

Final    1-4 

Final   S 

Final   6 

3.85 
23.91 
87.09 

3.82 
23.91 
68.26 

3.54 
25.73 
73.48 

Aeration  Tank  No.  3  was  changed  to  that  of  the  Aeration  Tank  Ho.  4.  (One  mixer 
In  the  first  one-third  of  the  first  pass  and  reduced  air  flow  to  the  next 
one-third.)  This  was  the  same  day  that  the  Aeration  lank  No.  4  was  taken  out  of 
service  for  repair  to  the  final  clarlfler  sludge  collector. 

The  sludge  volume  Indexes  during  the  study  for  the  control  and  test  tanks  are 
shown  In  Figure  4.  With  the  exception  of  two  high  values  for  aeration  tank  No. 
4,  the  SVI's  recorded  for  the  test  tanks  were  generally  below  120  and  comparable 
to  the  control  section.  The  high  values  were  recorded  within  the  first  10  days 
of  the  study  and  can  be  attributed  to  a  period  of  accllaiatlon.  Ho  problems  were 
encountered  with  the  final  clarlfler  operation  of  the  test  tanks  In  terms  of 
sludge  bulking. 

The  mixed  liquor  suspended  solids  shown  In  Figure  5  are  more  variable, 
particularly  for  the  test  tanks.  However,  the  average  MLSS  values  and  F/H 
ratios  shown  In  Table  3  Indicate  that  the  overall  loading  on  the  aeration  tanks 
was  similar.  The  average  F/M  for  aeration  tank  Ho.  4  was  slightly  higher 
because  It  was  taken  out  of  service  during  a  high  flow  period. 

Similar  levels  of  treatment  were  obtained  with  the  control  and  test  tanks.  This 

is  Illustrated  in  Figures  6  through  8  which  depict  the  effluent  BOO,  SS.  and  P 

trends  for  the  duration  of  the  study.  The  average  values  for  these  parameters 
are  listed  In  Table  4. 


Table  4 

Average  Effluent 

Parameters 

Parameter 

Control  System 
Final  1  -  4 

Test  System 
Final  5       Final 

BOD 

SS 

P 

25.2 

21.5 

0.9 

17.5         17.2 

14.f         23.3 

1.0           0.6 

While  a  fluctuation  In  the  effluent  quality  can  be  expected  In  any  biological 
system,  there  were  several  Incidents  which  contributed  to  the  variation  seen  In 
Figures  6  to  8.  On  day  17  of  the  study  a  break  In  a  sewer  line  near  the 
Etoblcoke  Creek  resulted  In  Increased  flow  through  Infiltration  to  the  entire 
plant.  At  the  same  time,  a  final  clarlfler  In  another  section  of  the  plant  was 
taken  out  of  service  for  repair.  A  portion  of  the  flow  from  this  section  had  to 
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be  directed  towards  the  first  plant  and  Us  expansion  •oduie.  An  Imnedlate  rise 
In  the  effluent  BOO  concentration  can  be  seen  In  Figure  6  on  the  second  day 
after  this  occurrence,  SIntlarly.  the  effluent  SS  and  P  concentrations  JuMped, 
although  this  took  an  additional  two  days  to  becone  evident.  The  sewer  line  was 
repaired  by  day  24  and  the  final  clarifler  was  put  back  into  service  on  day  26. 
A  reduction  In  all  three  of  the  parameters  mnltored  Is  apparent  at  day  28  of 
Figures  6  to  8. 

Discharges  fron  nearby  Industries  were  observed  to  enter  the  plant  on  several 
occasions.  Specifically,  these  discharges  were  recorded  on  days  10,  16  to  20, 
27,  39  and  44  of  the  study.  The  Impact  on  the  plant  performance  was  apparent 
once  the  flow  was  reduced  to  normal  levels.  The  discharge  on  day  39  Is  followed 
by  an  Increase  In  the  plant  effluent  parameters  on  day  43.  After  a  short  period 
of  stabilization,  the  discharge  of  day  44  can  be  identified  by  another  Increase 
In  the  effluent  parameters. 

In  all  three  cases  there  was  some  excedence  of  the  effluent  requirements  Imposed 
by  the  Ontario  Ministry  of  the  Envlroment.  However,  the  average  effluent  P 
concentration  for  both  sections  did  meet  the  Ministry  criterion  of  1  mg  P/L  or 
less. 

The  results  of  Phase  I  of  the  study  had  Indicated  that  there  were  large 
concentrations  of  residual  Iron  entering  the  system  through  the  Hyan  effluent 
•nd  sludge  thickener  sidestream.  To  determine  the  concentration  of  Iron 
entering  and  leaving  the  Blo-P  systems.  Iron  samples  were  taken  of  the  raw 
sewage,  primary  effluent  and  the  effluent  from  each  system.  The  results  of  the 
analyses  on  these  samples  ore  shown  In  Table  5. 

Table  5 

Iron  Concentration  In  Blo~P 

Demonstration  Systems 

Sampling  Location  Fe  Concentration  (mg/L) 

Raw  Sewage  4.4 

Primary  Effluent  7.7 

Final  1-4  1,2 

Final  5  O.S? 

Final  6  0,39 
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As  expected,  the  Iron  concentration  In  the  primary  effluent  was  signf f tcantly 
higher  than  In  the  raw  sewage.  This  raised  the  question  of  whether  the  low 
phosphorus  levels  witnessed  In  the  test  system  were  a  result  of  btologtcal 
uptake  or  preclptatlon  with  the  recycled  Iron  tn  the  system. 

Previous  research  demonstrated  that  phosphorus  that  Is  precipitated  with  metal 
salts  Is  not  released  under  anaerobic  conditions  .  Conversely,  phosphorus  that 
has  been  assimilated  for  cellular  metabolism  Is  released  In  soluble  form.  A 
test  program  was  Initiated  to  determine  If  the  phosphorus  In  the  sludge  of  the 
test  section  was  organically  or  Inorganically  bound. 

Grab  samples  were  taken  of  the  return  sludge  from  System  1  and  System  2.  The 
samples  were  analyzed  for  suspended  solids.  Iron,  total  and  soluble  phosphorus. 
They  were  then  capped  and  allowed  to  go  septic  over  a  5  day  period.  After  this 
time  the  samples  were  once  again  analyzed  for  soluble  phosphorus  to  measure  the 
quantity  released  under  anaerobic  conditions.  The  average  values  for  these 
analyses  are  listed  In  Table  6. 

Table  6 

Anaerobic  Phosphorus  Release  Tests 

Aeration  Aeration 

Parameter  Tanks  1.  2  Tanks  3,  4 

t  VSS                               *  66.7  77.25 

VSS   (mq/L)  5.572       (5,830)  4,639        (5.110) 

mg   Fe/g  VSS  165.7   (165.7)  47.4     35.8) 

mg  P/g  VSS  49.9     3B.6)  49.3   (31.3) 

mg  P  released/g  VSS  0.8  (0.3)  5.9   (12.9) 

1  P  released  1.7   (0.8)  13.8  (43.5) 

In  each  case,  the  amount  of  soluble  phosphorus  released  by  the  blo-P 
demonstration  section  sludge  was  greater  than  that  released  by  the  control 
section  sludge.  On  average,  this  was  13.81  as  compared  to  1.7X.  The  numbers  In 
parenthesis  are  values  obtained  for  one  of  the  pairs  of  samples  which  was 
allowed  to  remain  under  anaerobic  conditions  for  an  additional  7  days.  In  this 
particular  case,  a  much  larger  quantity  of  phosphorus  was  released  by  the 
sludge    In  the  test  tanks   -   43. 5X  as  compared  to  0.8X. 

The  Iron  concentration  In  the  control  section  sludge  was  greater  than  that  In 
the     blo-P     demonstration     section,     as     would       be       expected.         The       average 
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concentration  of  Iron  In  the  control  section  was  165.7  ng  Fe/9  VSS  and  47.4  mg 
Fe/g  VSS  In  the  detnonstratton  section.  The  relatively  high  value  for  the 
deaionstratlon  sect  Ion  can  be  attributed  to  the  recyc led  f lows  fro*  the 
previously  nentloned  process  sldestreans.  This  Iron,  however,  did  not  have  any 
deaonstrable  effect  on  the  fate  of  the  phosphorus  as  was  shown  by  the  release  of 
phosphorus  under  anaerobic  conditions.  It  should  be  noted  that  the  volatile 
content  of  the  test  tank  sludge  was  significantly  higher  than  that  of  the 
control  systea  because  of  the  reduced  Iron  concentration. 

Under  norul  operating  conditions,  an  iron  dose  of  10  mq  Fe/L  to  the  influent  Is 
Maintained  at  the  Lakevtew  Plant.  The  addition  of  Iron  to  the  control  system 
was  Bonltored  for  the  duration  of  the  study.  In  this  tine  approxiMately  19,500 
kg  of  Iron  were  added  to  the  control  systen.  Based  upon  a  unit  cost  of 
S0.209/kg  Fe.  this  resulted  In  a  total  cost  of  14.080  or  (60.87  per  day. 

The  addition  of  Iron  cannot  be  discontinued  completely  at  the  Lakevlew  plant 
because,  as  with  any  biological  systea,  upsets  are  likely  to  occur.  However.  If 
It  Is  assuHied  that  a  concentration  of  3  mg  Fe/L  Is  sufficient  to  maintain  the 
required  effluent  phosphorus  concentration  of  1  »g/L  (as  was  demonstrated  In 
Phase  2  of  the  study),  a  70X  saving  In  chemical  cost  may  be  realized.  In  terms 
of  the  entire  Lakevtew  plant  flow,  this  represents  an  annual  saving  of 
approximately  $70,000. 

An  average  Increase  of  351  In  sludge  volume  may  be  expected  In  secondary  plants 
which  eiifiloy  metal  salts  for    phosphorus    removal  The    quantity    of     sludge 

wasted  from  System  1  and  System  2  was  monitored  during  the  demonstration  to  see 
If  there  was  a  reduction  in  sludge  production.  The  monitoring  program  revealed 
that,  on  average.  577.7m  /d  were  wasted  from  the  control  systen  as  compared  to 
494.9n'/d  from  the  test  section,  a  difference  of  17X. 

The  savings  In  aeration  costs  could  not  be  quantified  at  the  tine  of  writing. 
However,  U  is  believed  that  a  significant  reduction  In  power  consumption  can  be 
realized.  This  will  be  confirmed  through  the  measurement  of  air  flow  to  the  two 
systems. 
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Conclusions 

The   roltowing  conclusions  have  been  drawn  frtjm  the  results  of   this   study: 

1.  The  wastewater  characteristics  at  the  Lakevlew  WPCP  are  suitable  for  the 
Implementation  of  blo-P  removal. 

2.  Implementation  of  a  blo-P  removal  retrofit  In  the  first  plant  and  Its 
expansion  module  of  the  Lakeview  WPCP  did  not  result  tn  any  operational 
difficulties  which  could  not  be  corrected. 

3.  Effluent  quality  at  the  Lakevlew  HPCP  did  not  suffer  because  of  the 
Implementation  of  blo-P  removal. 

4.  Substantial  savings  In  chemical  costs  can  be  achieved  through  the 
Implementation  of  blo-P  removal. 

Recommendations  lor  Further  Study 

This  study  has  demonstrated  that,  given  the  characteristics  of  the  Influent 
wastewater  at  the  Lakevlew  WPCP,  blo-P  removal  Is  possible  through  the 
Introduction  of  an  anaerobic  zone  In  the  aeration  tanks.  For  the  process 
modification  to  be  Implemented  as  a  part  of  the  regular  plant  operation, 
however,  further  study  Is  required.  In  particular,  the  effect  of  the  sludge 
handling  scheme  on  blo-P  sludge  must  be  assessed.  Care  must  be  taken  to  ensure 
that  the  biologically  bound  phosphorus  Is  removed  completely  froia  the  system 
rather  than  released  during  themal  conditioning  and  recycled  via  a  process 
sldestream. 
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ABSTRACT 

Nearly  ten  years  ago,  OPTSTOR  was  originally  developed  by 
MacLaren  as  a  tool  for  determining  cost-effective  locations 
and  volumes  for  storage  in  a  surcharged  sewer  system.  In  the 
current  project  begun  at  the  start  of  this  year,  OPTSTOR  has 
been  upgraded  significantly  in  several  respects.  The  program 
has  been  generalized  to  Include  not  only  local  off-line 
storage,  but  also  trunk  off-line,  trunk  in-line  and  local 
in-line  storage.  In  addition,  the  efficiency,  user  interface 
and  program  documentation  have  been  markedly  improved. 

OPTSTOR  is  used  together  with  the  U.S.  EPA  SWMM  model.  The 
RUNOFF  Block  of  SWMM  serves  to  generate  estimates  of  inflows, 
while  the  EXTRAN  Block  simulates  the  time-dependent  hydraulic 
status  of  the  system  to  provide  the  downstream  head.  Then, 
the  steady-state  OPTSTOR  program  is  applied  to  individual 
lines  within  the  network  to  determine  storage  requirements. 

In  OPTSTOR,  hydraulic  losses  are  described  by  the  Manning 
Formula  { as  in  EXTRAN)  .  For  each  of  the  four  types  of 
storage  considered,  curves  relating  the  volume  required  for 
any  given  percentage  reduction  in  peak  flow  have  been  derived 
and  are  embedded  in  the  program.  The  cost  is  taken  to  be  a 
bl 1 inear  function  of  storage  volume . 


The  minimization  of  storage  coats  is  achieved  by  means  of  the 
Bo-called  Complex  Method  due  to  M.J.  Box.  An  initial 
complex  of  feasible  solutions  is  obtained.  Then,  these  are 
Improved  by  means  of  "reflections"  of  the  current  maximum- 
cost  solution  about  the  centroid  or  reduced  centre id  of  the 
remaining  solutions . 

OPTSTOR  has  a  free-format  input  and  runs  on  either  a  VAX  or 
IBM  PC.  The  program's  methodology,  assumptions  and  applica- 
tion to  a  demonstration  system  are  discussed. 

BACKGROUND 

To  control  the  overloading  of  storm  or  combined  sewer 
systems,  many  different  strategies  have  been  proposed.  For 
Instance,  real-time  microcomputer  controls,  disconnection  of 
roof  drains  and  the  use  of  a  separate  pipe  to  convey  weeping 
tile  flows  have  been  tried.  The  use  of  distributed  in-system 
storage  is  another  approach  which  has  been  implemented  in 
certain  Canadian  cities  such  as  Edmonton  and  Saskatoon.  A 
computer  model  for  the  design  of  such  storage,  consisting  of 
off-line  or  in-line  subsurface  units,  is  the  subject  of  this 
paper. 

tn  a  complex  network  of  interconnected  sewers,  it  is 
difficult  to  establish  the  most  suitable  locations  and 
volumes  required  to  provide  sufficient  relief.  In  practice, 
a  designer  would  have  to  proceed  on  a  trial -and-error  basis . 
For  each  storage  configuration,  a  time -dependent,  open- 
channel  network  computer  model  would  have  to  be  run  to 
determine  the  adequacy  of  the  proposed  solution.  Of  course, 
there  would  be  no  assurance  that  the  relief  measures  were  in 
fact  cost-effective. 
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In  view  of  significant  differences  in  costs  for  alternative 
storage  solutions  for  the  City  of  Edmonton,  MacLaren 
developed  a  computer  model  known  as  OPTSTOR  nearly  ten  years 
ago.  In  combination  with  the  Storm  Water  Management  Model 
(SWMM)  RUNOFF  and  EXTRAN  Blocks,  OPTSTOR  is  essentially  a 
tool  for  determining  cost-effective  locations  and  volumes  for 
storage  in  a  surcharged  system  requiring  relief. 

The  original  OPTSTOR  program  was  limited  or  deficient  in 
several  ways : 

a)  only  applicable  to  local  off-line  storage 

b)  inefficient  '  search'  algorithm  limited  the  network 
size  to  fewer  than  10  pipes 

c)  VAX  minicomputer  version  only 

d)  inadequately  documented 

e)  overly  simplistic  linear  cost  function 

The  objectives  of  the  current  project,  begun  at  the  start  of 
this  year,  were  to  review  these  llmltat ions/def icienciea  and 
to  implement  those  improvements  which  are  feasible.  All  of 
these  objectives  have  been  fulfilled  as  follows: 

a)  appl icable  to  all  four  combinations  of  local /trunk 
and  off-line/in-line  storage 

b)  utilization   of   the   Complex   Method   has   greatly 
improved  speed  of  solution  and  maximum  problem  size 
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c)  available  on  VAX  and  IBM  PC 

d)  clearly  documented 

e)  incorporation  of  a  bilinear  cost   function  with 
allowance  for  a  startup  cost 

As  a  result  of  these  improvements,  OPTSTOR  runs  much  more 
efficiently  and  is  easier  to  use . 

KETHODOLOCTT  " 

To  Illustrate  how  formidable  the  problem  of  allocating 
storage  is,  for  a  network  of  7  pipes  in  series  there  would  be 
10'  combinations  if  only  10  values  of  volume  were  possible  at 
each  junction,  as  well  as  at  the  upstream  end . 

The  OPTSTOR  model  is  a  simplified  representation  of  the 
physical  network.   Key  assumptions  are: 

pipes  arranged  in  series  <no  loops  or  branches) 

steady-state  flow 

closed  conduit  flow 

head  losses  described  by  Manning's  Formula 

The  application  of  this  model  to  an  actual  network  will  be 
described  In  the  sequel. 

At  each  pipe  end,  except  for  the  downstream  end,  there  can  be 
a  storage  unit.  The  program  treats  the  ratios  R  of  the 
stored  flow  to  the  storable  flow  at  the  pipe  ends,   termed 
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nodes,  as  the  independent  variables.  Due  to  economic  consid- 
erations, the  maximum  value  of  R  is  limited  to  0.9.  Once  all 
the  ratios  are  given,  the  program  calculates  flows,  heads, 
storage  volumes  and  costs.  The  heads  must  not  exceed  maximum 
allowable  values.  If  all  constraints  are  satisfied,  the  set 
of  R  values  at  each  node  Is  called  a  (feasible)  solution. 

There  are  two  major  components  In  OPTSTOR : 

development  of  initial  feasible  solutions 

improvement  of  initial  solutions 

Development  of  Initial  Feasible  Solutions 

At  the  outset,  the  existence  of  a  solution  is  established  by 
allocating  maximum  storage,  R=0. 9,  at  each  node,  where 
storage  is  permitted.  If  a  solution  exists,  then  the  need 
for  any  storage  at  all  is  checked. 

Should  nonzero  storage  be  required,  the  program  hunts  for  the 
simple  case  of  a  solution  concentrated  at  a  single  node.  If 
there  are  n  nodes,  there  can  be  from  0  to  n  such  concentrated 
solutions.  The  remaining  initial  solutions  are  developed  in 
two  steps:  (i)  determine  the  minimum  uniform  ratio  Rq  at 
each  node  which  yields  ■  feasible  solution,  and  <  ii)  select 
"random"  values  of  R  between  R^  and  0.9.  The  term  "random" 
is  intended  to  imply  that  the  solutions  are  sufficiently 
different  from  each  other  that  they  represent  diverse  points 
in  the  solution  space. 

The  required  number  of  initial  feasible  solutions  ranges  from 
2n  for  n<10  to  n*l  for  n>16;  it  Is  IS  for  n=10 , 11 , . . . , 16 . 


6 
Improvement  of  Initial  Solutions 

The  Complex  Method,  due  to  Box  (1965) ,  is  used  to  generate 
improved  (i.e.,  lower  cost)  feasible  solutions.  The  set  of 
feasible  solutions  is  called  the  solution  complex.  By 
systematically  modifying  the  most  expensive  solution,  a  new 
solution  which  is  no  longer  the  most  costly  is  defined.  The 
procesa  continues  iteratively  until  convergence  is  attained. 
More  details  of  the  procedure  are  provided  in  the  following 
paragraphs. 

The  most  expensive  solution  is  reflected  and  stretched,  by  a 
factor  of  1.3,  about  the  centroid  of  the  remaining  complex 
points.  Use  of  the  over-reflection  factor  of  1.3  enables  the 
complex  to  expand  whenever  possible,  thereby  encompassing  a 
greater  range  of  solutions .  The  objective  is  to  produce  a 
feasible  solution  which  is  cheaper  than  the  original  second 
most  expensive  solution. 

Problems  can  arise  if  either  the  aforementioned  centroid  or 
the  new  point  is  infeasible  or  too  costly.  If  the  centroid 
1b  the  problem,  then  a  "reduced"  centroid  is  obtained  by 
successively  omitting  the  most  costly  complex  point  until  a 
sub-complex  la  obtained  whose  centroid  is  "good"  (i.e., 
feasible  and  cheaper  than  the  second  most  expensive 
solution).  It  is  poBBlble  that  the  sub-complex  could  consist 
of  only  one  point  --  the  least  costly  solution.  On  the  other 
hand,  the  new  point  obtained  by  over-reflecting  about  the 
(reduced)  centroid  can  also  not  be  good.  Should  this  occur. 
It  is  modified  by  bisecting  the  distance  between  itself  and 
the  reduced  centroid.  The  latter  process  is  repeated  unt  il 
the  modified  point  Is  good  or  is  so  close  to  the  reduced 
centroid  that  it  Is  set  equal  to  this  point . 
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Convergence  is  assumed  when  the  maximum  absolute  difference 
between  the  R  values  of  the  most  and  least  costly  solutions 
in  the  complex  are  within  0.001  for  five  consecutive 
iterations . 

Hydraulics 

The  closed-conduit  flows  In  the  pipe  series  are  modelled  as 
being  steady  by  means  of  Manning's  Formula.  With  the 
convention .  that  nodes  and  pipes  are  labelled  from  1  to  n, 
consecutively  from  upstream  to  downstream,  continuity  at  a 
node  j  is  expressed  as 

in  which  the  various  flow  components  are 
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.  upstream  flow 

local  inflow 
.  flow  diversion  (outflow) 

stored  flow 
.  downstream  flow 


The  storable  flow  is  based  on  the  location  of  storage  as 
shown  in  the  following  table. 


Location 

local 
trunk 


Storable  Flow 


Inflow  (=  I  ) 


total  flow  {=  Q    *  I   -  0 . ) 


In  either   event ,   the  ratio  R   (stored  flow/s tor able  flow) 
cannot  exceed  0.9,  as  explained  previously. 


a 

By  Means  of  the  same  loss  equation  used  in  the  EXTRAN  Block 
(vis. ,  Manning' a  Formula) ,  the  change  in  head  is  calculated 
from  node  to  node.  It  is  assumed  that  the  pipes  are  full  or 
surcharged.  Hence,  if  the  conservative  assumption  is  made 
that  the  hydraulic  grade  line  and  the  energy  grade  line  are 
coincident,  then  ( in  Imperial  units)  the  head  loss  H  in  a 
pipe  ia  calculated  as  follows: 

H  =  4.665  (n  Q)^  L/D^-^^ 

where  n  is  the  Manning's  roughness  coefficient,  Q  is  the  pipe 
flow,  D  ia  the  diameter  and  L  is  the  length.  Local  losses 
can  be  combined  with  pipe  losses  by  increasing  n  appropri- 
ately. Should  the  flow  In  any  pipe  not  be  full,  then  OPTSTOR 
sets  the  head  equal  to  the  obvert. 

In  a  auperplpe,  there  is  zero  head  loss .  Thus,  in  any  pipe 
whose  upstream  end  ia  a  superplpe,  the  head  lose  is  calcu- 
lated on  the  basis  of  the  input  data  for  the  downstream 
section  while  the  upstream  part  has  no  loss. 

Storage  Volumes  and  Costs 

In  order  to  develop  costs  for  storage,  it  is  first  necessary 
to  relate  the  stored  flow  (i.e.,  reduction  in  peak  flow)  to 
the  required  storage  volume.  This  is  achieved  by  means  of 
SWMM  RUNOFF  Block  simulations.  More  specifically,  the  rela- 
tions developed  are  of  the  form 


where  V  is  storage  volume,  k  is  a  constant,  A  is  impervious 
area,  R  is  the  ratio  of  stored  flow  to  storable  flow  and  m  is 
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a  constant  exponent .   For  the  four  locat  ions/ types  of  storage 
considered,  the  values  of  k  and  m  are  tabulated. 


Storage 

Storage 

Location 

Type 

local 

off-line 

local 

in-line 

trunk 

off-line 

trunk 

in-line 

3320 

1.59 

2620 

0.50 

4600 

1.62 

3630 

0.62 

CoBtB  for  Btorage  depend  on  many  factors  including  depth, 
length  of  a  superpipe  and  soil  conditions.  There  could  be  a 
fixed  startup  cost,  in  addition  to  a  cost  proportional  to  the 
volume.  There  is  a  provision  in  OPTSTOR  to  express  the  cost 
as  a  linear  function  of  volume  V  with  an  optional  second 
rate .  The  cost  is  a  continuous  function,  except  possibly  at 
V=o  (startup  cost) . 

OPTSTOR  AND  ITS  AFFLICATIOH 

The  computer  program  is  based  on  the  ideas  and  algorithms  of 
the  previous  section.  To  encourage  wide  distribution  of 
OPTSTOR,  a  User ' s  Manual  with  complete  examples  of  its  use 
has  been  prepared.  The  software  will  run  on  either  a  VAX 
minicomputer  or  an  IBM  PC.   OPTSTOR  has  a  free-format  input. 

Preliminary  testing  of  the  program  Indicates  that  execution 
times  on  an  IBM  XT,  with  an  8087  co- processor,  are  about  ten 
times  as  long  as  on  a  VAX  11/780. 

Before  using  OPTSTOR,  one  must  run  the  RUNOFF  Block  of  SWMH 
to  model  system  inflows  from  storm  runoff  for  either  histor- 
ical  storms  or  a  design  event.    Then,   the  EXTRAN  Block 
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simulates  the  time  variation  of  the  heads  and  flows  in  the 
ayctem.  Should  the  maximum  allowable  heads  be  exceeded,  each 
line  (I.e.,  pipe  series)  is  considered  separately  In  OPTSTOR 
to  determine  cost-effective  storage  requirements.  On  account 
of  the  different  approaches  taken  in  OPTSTOR  and  EXTRAN,  the 
storage  solution  obtained  in  the  former  should  be  confirmed 
In  the  latter.  Indeed,  several  Iterations  of  the  two 
programs  may  be  required  before  a  final  storage  configuration 
Is  reached. 

An  existing  trunk  sewer  In  the  Town  of  Vaughan  near  Bathurst 
and  Centre  Streets  was  selected  to  demonstrate  the  capabili- 
ties of  OPTSTOR.  This  particular  system  was  chosen  for  its 
simplicity,  as  a  more  complex  network  might  obscure  the 
function  of  OPTSTOR. 

The  total  length  of  the  system  la  some  8400  ft,  with  pipe 
diameters  ranging  from  4.5  to  6.9  ft.  The  design  of  the 
system  was  based  on  the  1;S  year  rainfall  in  flow  hydrographs 
derived  from  SWMM  RUNOFF  simulations  of  the  tributary  drain- 
age area  of  approximately  500  acres . 

According  to  EXTRAN  simulation,  the  peak  flow  of  approxi- 
mately 500  cfs  would  be  conveyed  with  only  minor  surcharges 
(less  than  0.6  ft).  To  be  useful  as  a  demonstration  system 
for  OPTSTOR,  It  was  necessary  to  increase  artificially  the 
peaks  of  some  Inflow  hydrographs.  This  produced  a  heavily 
surcharged  system,  with  unacceptably  large  peak  heads,  to 
which  OPTSTOR  could  be  applied  more  meaningfully.  As 
expected,  the  case  of  trunk  in-1 ine  storage  proved  to  be  the 
most  expensive  of  the  four  cases,  with  the  storage  being 
somewhat  concentrated . 
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Discussion 

The  original  obj  ectives  of  this  research  were  to  general ize 
and  upgrade  the  OPTSTOR  computer  program  for  the  cost- 
effective  allocation  of  storage  to  a  sewer  system.  For 
instance,  the  program  now  treats  four  typea/locationa  of 
storage  instead  of  one  as  in  the  first  version  of  OPTSTOR: 

local  off-line,   local   in-line,   trunk  off-line,   trunk 

in-line 

A  User's  Manual  has  been  written  and  an  IBM  PC  version  has 
been  created.  The  cost  function  has  been  generalized  to 
being  a  bilinear  function  of  volume.  Other  improvements 
include  the  introduction  of  free-format  input,  addition  of 
more  error  messages  and  transformation  to  a  more  structured 
Fortran  source  program  ( important  for  maintenance  and  future 
updates ) . 

Though  all  of  .the  foregoing  changes  to  OPTSTOR  are  useful, 
the  most  significant  change  was  the  replacement  of  the 
'constructive'  approach  previously  adopted  by  the  Complex 
Method,  together  with  a  systematic  way  of  generating  initial 
solutions.  As  a  result,  the  program  is  more  efficient, 
yields  better  solutions  and  is  applicable  to  larger  net- 
works . 
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INTRODUCTION 

There  is  a  need  for  the  development  and  validation  of  test  protocols  to 
assess  the  degree  of  leachabtUty  and  tnoblltty  of  potentially  hazardous 
materials  contained  In  landfill  disposal  sites.  A  detailed  chemical  analysis 
and  Identification  of  all  chemical  species  In  leachates  and  groundwater  is 
desirable,  but  such  survey  type  analyses  are  time  consuming. 

Short-term  biological  tests  are  attracting  Interest  as  a  basis  for  possible 
regulatory  purposes.   The  reason  Is  that  these  tests  provide  some  predictive 
value  regarding  health  effects.   The  overall  goal  of  this  program  is  to 
develop  and  validate  concentration  methods  for  organic  chemicals  from 
groundwater  for  use  with  the  Ames  bloassay. 
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SELECTION  OF  CHEMICALS 

Initially.  It  was  necessary  to  select  a  llralted  number  of  chemical 
compounds  for  Inclusion  In  an  aqueous  solution  ("cocktail  mix'),  In  order  to 
permit  the  validation  of  Isolation/concentration  techniques  and  measurement 
methods  of  the  concentrates.   The  guidelines  used  for  selecting  the  reference 

compounds  were: 

to  provide  a  wide  selection  of  functional  groups 

to  represent,  where  possible,  a  range  of  pertinent  physical  properties 

such  as  volatility  and  polarity 

to  choose,  where  possible.  Icnown  water  pollutants 

to  select,  when  possible,  halogenated  derivatives  of  several  parent 

componds 

resistance  to  degradation 

to  include  known  mutagenic  compounds 

The  compounds  selected  for  Inclusion  In  the  "cocktail  mix"  are  listed 
In  Table  I.  All  the  chemicals  listed  (with  exception  of  2-fl1trof luorene)  have 
appeared  on  lists  relating  to  contaminants  reported:   viz.  cancer  risk 
assessment,  chemical  hazard  Information  profiles  (CHIP),  and  exposure 
assessments.   The  presumed  mutagens  on  the  list  are  Indicated  by  means  of  an 
asterisk. 

CHEHICAL  TESTING 

Preliminary  chemical  data  was  obtained  by  direct  Injection  of  suitable 
allquots  (l~3  t>L)  of  the  individual  compounds  initially,  and  then  of  a 
combined  mixture  of  the  compounds  into  a  gas  chromatograph/mass  spectrometric 
(GC/HS)  system.   The  system  used  was: 

HP  Hode)  S890A  series  capillary  GO  with  an  HP  5970A  Mass  Selective 
Detector.   The  data  system  was  an  HP  ChemStatton  with  an  HP  9BI6S 
computer  and  HP  9)33XV  disc  drive  printer. 
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Data  was  obtained  for  al)  the  compounds  using  both  total  scan  and 
selected  Ion  monitoring  procedures.   Either  or  both  methods  were  used  for 
identification  and  quantitation  during  the  validation  of  extractton-Zconcen- 
tration  techniques  for  recovery  of  the  target  chemicals  from  groundwater.   In 
Table  I  the  compounds  art    listed  together  with  their  respective  retention 
times  and  the  major  Ions  (m/e)  present  in  their  mass  spectra. 


CONCtHTHATION  HtTHODS 

Solutions  of  the  selected  chemicals  at  SO  pg/L  concentrations  have 
been  prepared  and  pumped  through  accumulator  columns  containing  XAD-2. 

The  effects  of  water  pH,  column  dimensions,  flow  rates  through  the 
columns  and  desorptlon  methods  on  the  collection  efficiency  of  the  adsorbent 
for  the  target  compounds  will  be  presented. 

Concurrently,  a  large  scale  purging  and  trapping  apparatus  (20L)  was 
utilized  to  Investigate  the  collection  of  volatile  target  compounds. 
Parameters  such  as  water  volume,  purge  flow  rates,  purge  times  and  compound 
collection  {adsorbent  or  cryogenic  trapping)  on  the  recovery  of  target 
compounds  wl U  be  presented. 


TABLE   I 


ORGANIC  COHPOUHOS  SELECTED  for  ■COCKTAIL  HIX" 

to  be  USED  In  VALIOATIOH  STUDIES  for 

EXTRACTIOW/COHCENTRATION  PROCEDURES  for 

the  ISOLATION  OF  ORGANIC  COHPOUHDS  from  GROUNDWATER 

and  SOLID  MATRIX  MATERIAL 


•  Alcohols  (none) 

•  Aldehydes  (none) 

•  AMphattcs 


•  Amines 

•  Aromatlcs 

•  Esters  (none) 

•  Esters/Ketones 

•  Carboiyllc  Acids 

•  Phenols 

•  Nitrogen  Conipound 

•  Polycycllc  Aromatic 


Sulphur  Compound 
Pesticides  (none) 
Phthalates  (none) 


*  1 ,2-dlbronioethane 

1 ,2-dichloropropane 

*  p-naphthylamtne 
3,4-d1ch1oroannine 

o-xylene 

.1 ,2-dlch1orobenzene 

Hexachlorobenzene 

4,4-dlchlorobiphenyl 


Methyl  Isobutyl  ketone 
Isobutyric  acid 

o-cresol 

2.4,6-tr1ch1oropheno1 
4~nltrophenol 

Quinollne 

*  2-nltrof luorene 

Methyl  naphthalene  (a  or  p) 
Fluoranthene 

*  Benzo[a]pyrene 

9, 10-d1nethy1 anthracene 

Beniothlezale 


known  mutagen 
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TABLE      I 


6as  Chromatographic  and  Hass  Spectral 
Data  for  Chemicals   in   "CocktaU  Hix* 


Compound 

Retention   T1nw 

Base  Peak    In 

(min) 

Hass  Spectrum 

1 ,2-d1bromoethane 

2.35 

27 

o-xytene 

3.53 

91 

1 ,2-dUhlorobenzene 

5. 84 

14t 

o-cresol 

6.71 

108 

Benzothlazole 

8.99 

135 

Quifiol  *ne 

9.20 

129 

2 -methyl  naphthalene 

10.20 

142 

2,4,6-trUhlorophenot 

n.07 

196 

3.4-d(chIoroann  Ine 

12.10 

161 

4-nltrophenol 

13.57 

139 

{i-naphthylamtne 

13.73 

143 

Hexachlorobenzene 

15. SI 

2B4 

4.4'-dUhloroblphenyl 

16.72 

222 

Fluoranthene 

19.74 

202 

2-nKrof  luorene 

20.26 

165 

9,10-dlmethylanthracene            20.51 

206 

Benio(a)pyrene 

33.26 

7S2 
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ABSTRACT 


Many  of  the  synthetic  organic  chantcals  produced  coanerclal ly 
are  toxic  to  biota  and  are  frequently  dlacharged  Into  aewer 
aystens.  This  means  that  blologloal  treatment  planta  aust  not 
only  reduce  800,  suspended  solids,  and  often  nutrients,  but.  If 
possible,  prevent  organic  chealoala  from  entering  the  aquatic 
env  Ironment. 

To  Improve  the  removal  of  synthetic  organic  chemicals  In 
biological  wastftwater  treatment  planta  a  better  understandlg  of 
the  fate  of  these  chemicals  during  treatment  Is  needed.  It  Is 
also  essential  to  know  how  the  physical  parameters  of  organic 
chemicals  and  plant  operating  conditions  Influence  their  behavior 
In  a  biological  treatment  plant.  A  model  based  on  the  fugaclty 
modelling  concept  has  been  developed  to  predict  the  fate  of 
synthetic  organic  chemicals  In  a  biological  wastewater  treatment 
plant.  As  Input,  the  physical  properties  of  the  chemical  and 
relevant  operating  parameters  of  the  biological  treatment  plant 
are  required.  The  removal  mechanisms  of  volatilization, 
stripping,  blodegradatlon,  and  sludge  wasting  are  considered  In 
the  development  of  the  model  model. 


Results  show  that  the  most  Inportant  physical  properties  oT 
organic  ohealcals  arrecting  their  fate  in  a  sewage  treatnent 
plant  are  the  oc tanol -  water  partition  coerriclent,  Henry's  Law 
oonatant,  and  the  b 1 odegradat Ion  rate  constant.  The  efrect  of 
different  plant  operating  paraaetera,  such  as  sludge  age, 
■•ration  rata,  sludge  wasting  technique,  on  the  renoval  of 
organic  chealcala  are  also  evaluated.  If  the  sludge  age  Is 
reduced  below  5  days,  thus  Inhibiting  the  blodegradatlon  of 
organic  ohaHlcals,  then  other  processes  becone  more  significant 
and  ootanol-water  partition  coefficient  and  Henry's  Law  constant 
determine  whether  the  organic  chenlcal  Is  stripped  during 
aaratlon,  volatilized  during  aed 1 aentat  Ion  or  sorbed  to  sludge 
during  prlaary  and  secondary  treataent.  However.  If  the  sludge 
age  is  longer  than  5  days,  blodegradatlon  aay  significantly 
ohange    the    fate    of    synthetic    ohealcals. 


Increasing  the  aeration  rate  in  the  biological  treataent  step 
aeaas  to  enhance  the  stripping  of  those  organic  chealcals  which 
have  lo^  ootanol-water  partition  ooefflolenta,  high  Henry's  Law 
constants  and  are  aodarately  biodegradable.  The  model  shows 
however,  that  an  Increase  In  HLSS  aay  reduce  the  amount  stripped. 
In  general,  an  Increase  In  HLSS  laproves  the  reaoval  of  organic 
ohealcals.  It  has  also  been  found,  that  sludge  wasting  aethods 
(■ixad  biological  and  prlaary  sludge  wasting  or  separate  wasting) 
not  only  Influence  the  overall  reaoval  efficiency  of  the  plant 
for  organio  cheaical  but  also  determine  the  aaount  blodegraded 
and    raaoved    from    the    plant    with    the    waste    sludge. 


I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 


The  model  proved  to  be  effective  In  predlotlng  the  fate  of 
organ  Ic  cheialcals  and  their  concent  rat  Ions  In  the  plant  effluent, 
aeration  off-gases,  and  In  waste  sludges.  It  may  be  useful  for 
Improving  the  performance  of  existing  plants,  or  to  select  design 
parameters  for  new  plants. 


KEY  WORDS  :  fugaclty  model,  biological  wastewater  treatment 
plant,  octanol -water  partition  coefficient,  Henry's  Law  constant, 
b 1 odeg r ad  a t 1  on  rate  constant,  volatilization,  stripping, 
sorbtlon,  mixed  liquor  suspended  solids  (ML5S). 
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A  set  of  fugacltY-hase»l  mof!*'lB  dpscribing  (i)  the  envirormental  fate  and 
beMvltmr  of,  (11)  twmvin  exposure  tn.  and  (111)  consequent  tthysiologlcal 
dlstrltxitlon  af ,   organic  chemicals  Vas  been  developed. 

The  initial  morJel  Is  a  nov^l,  siinillfled  stervly  state  version  of  previous 
environmental  mxlels  (1.3)  and  describes  the  tiehavloiir  of  chi^lcalB  w!)ich 
are  In  freqnent  commercial  a<;e  and  therefore  can  be  e:<pecte"l  to  he 
discharged  continuously  to  the  envlrotment  over  a  perlr«1  of  tlirm.  F-x-^irples 
are  pesticide*,  PCBs.  mxxI  preservatives,  and  by-products  of  Incineration 
and  dry-cleaning  c^jeratlons. 

The  model  treats  four  bulk  phases:  air,  wnter,  soil,  and  sediment,  which 
consist  of  specified  subronfartments  of  fluid  (air  ^nd/or  vflter) , 
tnrtlculate  (aerosols,  sunpenrled  particles,  anfl  organic  matter),  and  otlwr 
phases  (fish).  Efiuillbrlum  pRititloiiing  of  cliemlcals  Is  ass:\med  to  aivly 
within  each  of   the  four  kxilk  phases. 

E«i>resglon9  for  environmental  emisslonr?  an<l  advectlon  into,  reaction  and 
arlvectlon  frcm,  airl  diffiislve  and  non-diffusive  trninfer  between  these  Inilk 
ptv=i=:es  are  Incorporated  In  a  set  of  mass  Ivil-iiire  e<juatlons  previously 
developed  (1).  Rediirlng  the  number  of  key  envlroi«nental  metlla  to  four 
permits  a  slrple  algel>raic  solution.  Unlike  pievlous  models,  non-dlf fuslve 
transfer  pro«-;esspp,  such  as  wet  -uid  dry  atmospheric  pRrtlculate  deposition, 
rain  washout,  sediment  resuspension,  and  leaching  to  groundwater,  are 
included. 

The  model  is  applied  to  an  envlrorment  scaled  to  represent  Rcnitltem 
Ontario,  as  well  as  to  an  evaluative  environment  with  similar  phase 
proportions. 

It  Is  a[^i]led  to  selected  chentlrals  wljich  are  of  coiwrem  to  the  Ministry. 
Tliese  inclutle  PCBs,  benzene,  benzo ( a ) pyrene ,  fiexachlorobenzene,  and  mlrex. 
The  pre-llcted  concentrations  are  conpared  with  reported  ambient 
environmental  data. 

The  model  outpit  provides  Information  on  media  roi  teen t rat  Ions  and  amounts, 
as  1^11     as     an     oveiall     environmental     chemical     persistence.  Rales  of 

transfer  between,  and  reaction  In,  co!r|artii>ents  are  calculated,  permitting 
determination  of  controlling  processes. 

The  output,  in  the  form  of  environmental  cortcenti-nlionn,  serves  as  inpit  to 
a  sul_«equent  muU)medl;i  human  e^qjosiire  model  wlilrh  calculates  average  human 
ch'^lcal    Intake  by  air  Inhalation  and  food  and  water  ingestion. 


Air  Inhalation  an\  water  ingpf.tlcxi  rates,  as  weJl  as  fieh  conFunptInn 
rates,  are  cfmbiiied  with  tfie  aipproprlate  media  concmitrntioiis  to  utit.-iin 
reasorwible  estimates  of  human  ex[-"5suie  by  the!>p  r(.«itpr;.  Foisting 
correlations  which  relatr?  soil  concentrations  to  those  of  ueg*?t=5t  ion,  rn^at, 
and  milk,  are  incorporattsil  in  tlie  model  to  produce  approximations  of 
exposure  by  tliese  routes. 

"ITie  various  rates  of  intake  of  air  emi  foot!  and  water  are  applied  to  a 
recently  developed  fug^clty  based  f'tannacokinetlc  model  (3)  to  predict 
chemical  distriNitlon  In  blood  and  various  pJiyslo  log  leal  tissiies  siich  as 
fat,  liver,  skin,  muscle,  etc.  Slte^  of  accumulation  of  clianlral  are 
hlgliliylited  aixl  rates  of  transport  and  metabolisms  are  quantified. 

■nils  set  of  similarly  formulated  models  can  be  used  to  produce  a 
conprehenslve  picture  of  tlie  patliwnys  bf  a  cnntaminant  frcm  its  initial 
release  and  environmental  dlstribtitlon,  throu^  Its  exposiu-e  routes  to 
animals  and  himians,  to  its  final  piiysloloylcgl  t-iryet  site. 
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The  fresh  water  clam  Elllptlo  comp lanata  has  been  used  by  the 
Ontrlo  Ministry  of  the  Environment  for  the  past  8  years  as  an 
In-altu,  bloaccumulatlni?  agent  to  detect  trace  contmlnants  In 
water.   The  continued  use  of  this  popular  technique  has  made  It 
necessary  to  address  a  number  of  questions  regrdlng  the  future 
avallabllty  of  clam  stocks  and  the  environmental  factors 
limiting  it's  practical  application. 

Our  study  had  two  primary  objectives: 

1)  Assess  alternative  sources  of  clam  stocks. 

2)  Determine  the  environmental  factors  .effecting  clam 
bloaccumulatlon. 


1)   Alternative  clam  stocks  were  assessed  by  conduetinga  survey 
of  52  locations  on  21  lakes  and  associated  water  bodies  in  the 
Huskoka,  Haliburton  and  Kawartha  Lakes  regions  all  within  a  100 
km.  radius  of  Balsam  Lake.   Divers  explored  a  minimum  of  500  and 
a  maximum  of  2,500  square  meters  at  sites  that  were  selected  for 
ease  of  access  by  boat  and  isolation  from  obvious  sources  of 
contmlnation  from  marinas  and  cottges.    pH  values  ranged  from 
6.2  to  B.O  and  alkalinity  values  from  3  to  5- 

E .  comp lanata  was  found  at  all  but  10  of  the  52  sites 
investigated.   At  ten  sites  densities  were  between  50  to  100 
Claras  per  square  meter  and  at  three  sites  they  were  greater  than 
100  per  square  meter.   These  densities  equal  or  surpass  those  of 
the  traditional  source  at  Balsam  Lake  Indicating  that 
alternative  sources  of  E^  complanata  are  available  to  sustain 
future  blomonlorlng  programs. 

Lampsl lis  and  Anodonta  were  much  less  frequently  sighted  and  In 
densities  Impractical  for  blomonltorlng  or  research  purposes. 
They  also  appeared  to  be  more  convon  In  the  more  northern  areas 
of  our  survey . 


2)  To  Investigate  the  environmental  factors  affectlnK  clan 
bloaccuBulatlon  we  tea  ted  variables  of  tempera ture  and 
procedural  variations  in  transportation  of  live  clams, 
deployment  and  preservation  of  clan  tissues  prior  to  processing. 
These  variables  uere  tested  simultaneously  during  a  single  2t 
day  in-9itu  exposure  experiment  conducted  In  the  Niagara  River 
at  Hlagara-on-the-Lake.    The  uptake  of  PCB's  in  E_^  complanta 
was  used  to  evaluate  the  effect  of  these  envir omental  variables. 

The  transport  experiments  Involved  maintaining  clams  at  ambient 
and  lofl  tempera tures  In  both  water  and  moist  air.   Deployment 
experiments  included  suspended  cages,  flat  cages,  com pact  cages, 
support  rings,  and  sand  boxes.   Tissue  processing  tests  included 
holding  clams  at  ambient  and  ice  temperatures  for  8  hrs.  and  2^ 
hrs.  before  shucking  and  freezing.   All  of  the  clams  Involved  In 
these  experiments  were  colleotad  from  Balsam  Lake  and 
transported  to  the  Niagara  River  site  at. the  same  time. 

Tamperature  experiments  were  oonduated  simultaneously  with  the 
in-altu  tests.   Water  from  the  in-sltu  test  area  was 
continuously  pumped  to  an  adjacent  building  where  the  water 
temperature  was  adjusted  to  provide  a  range  from  5    to  25  celslus 
at  5    degree  Intervals.   This  provided  olams  In  the  temperature 
experiment  with  a  continuous  supply  of  water  from  the  same 
source  as  that  of  the  In-sltu  olams  being  tested  In  the  river. 

Preliminary  results  of  the  analysis  of  environments  1  variables 
affecting  PCB's  bioaccumulatlon  will  be  presented  at  the 
Qonfarsnaa  poatar  session. 
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INTRODUCTION  Bloam  Forming  species  of  blue-green  algae 
CCyanophyta)  dominate  the  phy toplankton  communities  In  a  number 
of  small,  eutrophlc  lakes  and  Impoundments  In  Southern  Ontario. 
Many  oF  these  waters  are  Important  For  recreational  activities 
because  oF  their  prox 1ml ty  to  major  urban  areas  which  have 
relatively  Few  aquatic-based  recreational  opportunities. 
Unfortunately.  large  blue-green  algal  blooms  have  slgnlFlcant 
Impacts  on   boating,   Fishing,   swimming   and   general  aesthetics. 
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METHODS  Heart  Lake  was  sampled  twice  monthly  during  tlay- 
September,  19B6.  Water  samples  were  analyzed  for  pH ,  alkalinity, 
total  and  dissolved  P,  total  and  dissolved  Kjeldahl  N, 
chl orophy 1 1  a  and  phy topi ankton  species  compos  1 1  ion ,  Uater 
temperature,  dissolved  oxygen  and  Secchl  depth  were  measured  In 
the  Field.  Theoretical  dissolved  Inorganic  carbon  (DIC)  and  Its 
component  species .  CO*  and  HCQa" ,  were  calculated  From  pH , 
alkalinity  and  temperature. 


RESULTS  AND  DISCUSSION  Relationships  have  been  reported  In 
the  literature  betmeen  blue-green  algal  domlnancB  and 
environmental  factors  such  as  temperature ,  anox la ,  COa  depletion , 
low  N/P  ratios  and  nitrate  depletion.  These  Factors  have  a 
common  link  -  highly  reduced  sediments  -  and  their  interactions 
are  summarized  in  Table  1. 


TABLE  1.   SUnnARY  QF  RELEVANT  EVENTS  IN  ANOXIC  UATERS . 

1.  Uarm  temperatures  In  praductlvs  uatera  lead  to  depletion  of  Da 
and  NDa'  in  surface  sediments. 

E.    As   a  result  of  Oa  and  ND»-  depletion,  redox  values  in  surface 
sediments  decrease  and  Fe+++  Is  reduced  to  Fe**,  al lowing 

diffusion  of   PDa into  overlying  waters.   This  stimulates 

production  and  loiuers  N/P  ratios  In  overlying  waters. 

3.  The  rate  of  microbial  COa  production  decreases   because  Da  and 
N0:»~  are   in  short  supply  .   AltBrnat  1  ve  blochemlca  1  pathways 
for  respiration  are  less  efficient  than  electron  transport 
chains  supplied  with  Oa  or  NOa~  as  terminal  electron 
acceptors. 


In  Heart  Lake,  blue-green  algal  dominance  was  best  described  by 
changes  In  COa,  rather  than  light,  temperature,  N/P  ratios  or 
MCOa".  High  COa  levels  above  atmospheric  equilibrium 

in  early  summer  (approx .  15  uM) ,  which  could  oniu  have  been 
caused  by  a  high  rate  of  aerobic  microbial  respiration  exceeding 
degassing  and  photosynthetic  consumption  rates,  coincided  with 
low  blue-green  abundance .  Low  COa  levels  in  late  summer ,  which 
coincided  with  high  relative  abundance ,  uere  probably  due  to  a 
declining  rate  of  microbial  production  as  sediments  became 
limited  by  Oa  and  NOa~ ,  and  increased  photosynthetic  demand. 


CONCLUSIONS 

1.  Low  levels  of  CD*  are  the  likely  cause  of  blue-green  algal 

dominance  in  eutrophlc  waters,  although  further  laboratory  and 
field  experimentation  Is  required. 

E.  COa  is  seen  as  a  Factor  which  affects  algal  community 

structure  but  not  the  algal  'carrying  capacity'  oF  the  system. 
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ABSTRACT 


This  remote  sensing  project  Mas  designed  to  examine  the 
feasibility  of  using  remote! y  sensed  data  for  the  determination 
of  surface  water  quality  characteristics  of  lakes  in  Northeastern 
Ontario,  with  a  spec  la  1  focus  on  discriminating  between  ac  id  ic 
( pH  <  5.51  and  non-ac  idle  lakes.  Further ,  the  project  involved 
the  comparison  of  a  selected  number  of  sensors  to  undertake  such 
tasks.  During  1986-Q7 ,  focus  of  attention  was  paid  to 
establishing  associations  between  satellite  and  airborne 
reflectance  data  and  lake  water  qua  1 1 ty  parameters .  Lake  data 
sets  inc ludedi  for  the  Sudbury  Mr mm ,  data  derived  from  the 
S.E.S  survey  U774-1976),  the  A.P.l.O.S.  survey  (1981-93),  and  a 
field  survey  north  of  Lake  Manapitei  of  139  lakes  in  August  of 
1906i  and  for  Algoma  District  In  the  Montreal  and  Batchawana 
rivers  area,  a  field  survey  of  151  lakes,  also  in  August  of  19S6. 

Based  on  the  results  of  this  project  as  well  as  those  that 
can  be  found  in  the  literature,  it  is  cl ear  that  sever a  1  water 
parameters  can  be  predicted  wi  th  conf  idence  using  satellite  or 
airborne  digital  data.  This  is  particularly  evident  for  Sec c hi 
disk  depth  and  dissol ved  organic  carbon .  Using  regression 
ana  1 yses ,  the  as sac  la t ions  (expressed  by  multiple  correlation 
coefficients)  between  these  two  parameters  wi  th  Land sat  M5S 
reflectance  data  arw  of  the  order  of  0.73  and  0.70,  res pec  tive I y | 
and  0.01  and  0 . 89 ,  res pec  tlvely ,  using  Landsat  TM  ref I ec  tance 
data .  Chlorophy I  1  a  and  other  water  quality  indicators  may  also 
be  predic  ted ,  but  wl th  much  more  difficulty  (multiple  correlation 
coefficients  of  0.63  or  less).  The  remote  sensing  data  also 
enable  image  processing  techniques  to  detec  t  gross  di  f  f erences 
betweeni  ac idle /non-ac idle  lakes|  and,  in  relative  terms  the 
low/high  trophic  status  of  the  lakes. 

The  ability  to  estimate  lake  characteristics,  using  mul tiple 
regression  model s  or  image  ana  lysis  techn  iques.  Improves  very 
drama t  ically  with  increases  in  the  spatial  and  spec  tral 
resolution  ( espec  ia 1 ly  the  latter)  of  the  remote  sensing  data . 


Thi»  im  B«»n  as  one  moves  from  Landsat  MSS  to  Landaat  TM.  This 
i%  also  the  case  with  airborne  sensor  data  but  the  PRperience,  up 
to  this  point  in  time,  with  these  data  for  this  project  was  such 
that  "too  much"  remotely  sensed  data  was  available  compared  with 
field  data.  That  is,  airborne  data  would  be  an  excellent  water 
monitoring  tool  for  small  numbers  of  lakes  for  which  more  than 
one  field  site  per  lake  has  been  examined.  The  latter  data  sets 
Te  inappropriate  for  synoptic  surveys. 

A  number  of  problems  remain  as  barriers  to  the  fully 
operational  use  of  remotely  sensed  data  for  water  quality 
monitoring.  Two  in  particular  are i  a)  haze/c loud-covered 
Imagesi  and  b)  automlzation  of  analysis  procedures.  A  number  of 
approaches  »rm  being  experimented  with  to  minimize  the  former 
problem  with  respect  to  haze,  but  obviously  totally  obscuring 
cloud  cover  is  impossible  to  overcome.  The  latter  problem  is 
less  difficult  to  solve  but  may  be  time-consuming.  Another 
difficulty  that  is  recognized  here  but  was  not  encountered  often 
in  the  present  project  is  the  discrimination  of  acidic  lakes  that 
are  coloured.  I.e.  the  "brown  water",  acidified  lakes. 

Work  that  is  presently  underway  using  mul tivarlate 
statistical  analyses  and  image  analysis  techniques  is  aimed  at 
refinement  for  the  purposes  of  increasing  the  precision  of  the 
lake  parameter  predictions  and  the  discriminations  between 
various  levels  of  trophic  status,  as  well  as  between  acidified 
and  non-acidlf led  lakes.  Coarse-resolution  (spatial  and 
spectral)  Landsat  MSS  data  provide  little  opportunity  far 
temporal  lake  analyses.  On  the  other  hand,  temporal  monitoring 
of  lake  water  quality  for  large-area  studies  is  a  definite 
possibility  because  of  the  superior  data  currently  being  recorded 
by  Landsat  TM  and  the  even  better  data  that  arm  promised  by 
future  sensors.  More  precise,  small-area  studies  should  not 
employ  current  satellite  data,  but  instead  should  rely  on 
advanced  airborne  sensors,  especially  if  thermal  data  can  be 
provided  In  addition  to  bands  in  the  lower  portion  of  the 
electromagnetic  (visible)  spectrum. 

The  observations  reported  here  linking  remotely  sensed  data 
with  lake  water  quality  parameters  or  lake  classes  emphasize  the 
relationships  that  associate  spectral  reflectance  measurements 
with  lake  transparency  and  related  variables.  For  the  generally 
dilute,  low  productivity  lakes  of  the  Sudbury  study  mrma^ 
transparency  in  the  form  of  Secchl  disk  depth  is  primarily 
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controlled  by  DOC  rather  than  th»  phy toplank ton  population  «a 
pxpre^qpd  by  chlorophyll  concentrations.  Thp5»  points  »rm  of 
fundamental  significance  In  Northeastern  Ontario,  and  in  other 
arwas^  with  similar  lake  systems .  Elsewhere  ( even  to  some  extent 
in  the  fllqoma  study  arva) ^  with  lake  systems  that  arc  not 
similar,  different  approaches  to  establ ishinq  relationships 
between  1 ake  wa  ter  qual i  ty  charac  ter ist  ic«  and  remotely  sensed 
data  may  be  required. 

Whi  te  these  ana  1 yses  arm  prel iminary  in  the  sense  that  less 
than  a  year ' s  work  has  been  involved*  I  am  confident  that  remote 
sensinq  will  soon  take  a  more  prominent  role  in  lake  water 
qua  1 i  ty  moni  torinq  proqrams.  In  terms  of  moni  torinq  1 ake 
acidification  or  trophic  status,  it  is  recoqn  i  zed  that  reqression 
model s  provide  estimates  of  individual  lake  parameters  that  may 
be  indicators  of  acidi  ficat ion/ trophic  level ,  not  cone lusi ve 
evidence .  But  then  that  is  also  the  case  with  these  parameters 
when  der  ived  from  field  proqrams .  The  advantaqe  that  remote 
sensinq  br inqs  to  such  surveys  is  the  fact  that  many  more  lakes 
over  broad  qeoqraphical  regions  can  be  examined  compared  with 
more  costly  field  work ,  al though  the  latter  will  never  be 
entirely  eliminated.  If  the  results  described  here  »r» 
applicable  for  other  images/ locations  with  similar  lake  systems , 
remote  sensinq  will  most  definitely  assist  in  the  assessment  of 
the  spatial  extent  of  lake  water  qual ity  charac  ter is tics  in 
Ontario. 


I 
I 
I 
I 


ROBUST  TREND  ASSESSMENT  OF  WATER  QUALITY  DATA  SERIES 

Byron  Bodo^,  Keith  W.  Hip«l*,  and  A.  Ian  Mcleod' 

Trend  analysis  of  water  quality  data  series  obtained  from 
ambient  river  monitoring  programs  like  Ontario's  Provincial  Water 
Quality  Monitoring  Network  (PWQHN)  is  required:  1.  to  alert 
authorities  to  water  quality  degradation;  so  that,  appropriate 
corrective  action  may  be  Initiated;  2.  to  evaluate  the 
performance  of  pollution  abatement  measures  usually  undertaken  at 
great  public  and  private  expense.  Standard  parametric 
statistical  procedures  are  inappropriate  for  water  quality  data 
series  typically  exhibiting  such  confounding  features  as  uneven 
spacing  in  time,  high  background  variability  (low  signal-to-noise 
ratio) ,  nonnormality  (skew) ,  numerous  outliers,  autocorrelation, 
seasonal  periodicity,  etc..  While  variants  of  the  nonparametric 
Mann-Kendall  test  [1]  have  proven  robust  against  most  of  these 
factors  [2,3,4,5,6,7,8],  a  serious  problem  remains  in  that 
almost  all  rigorous  trend  tests  rest  on  the  assumption  of 
monotonic  trend,  or  very  generally,  trends  which  always  proceed 
in  the  same  direction,  either  increasing  or  decreasing. 
Experience  with  PWQMN  records  has  shown  that  nonmonotonic  trends 
may  indeed  occur;  consequently,  blind  reliance  on  abstract  test 
statistics  may  yield  inaccurate  conclusions.  Thus  the  object  of 
the  present  research  was  to  develop  robust  graphical  procedures 
for  qualitative  visual  trend  analysis  as  corroborative  evidence 
for  formal  trend  tests. 

To  appreciate  the  concept  of  trend,  consider  the  elementary 
additive  time  series  model  for  some  variable  X  at  time  t, 

Xi  =  Tt  ♦  St  ♦  e t  (1) 

where  Tt  is  trend,  St  is  the  seasonal  component  and  e t  is  a 
residual  noise  term.  Trend  Tt  merely  represents  change  over  time 
in  the  "mean"  level  of  procefis  Xt  and  hence,  is  a  somewhat 
arbitrary  concept  defined  according  to  the  time  scale  of 
measurements  and  the  time  horizon  of  interest.  Assume  Tt 
represents  gradual  trend.  Term  St  represents  regular  annual 
periodicity  that  is  assumed  not  to  evolve  with  time.  This 
elementary  model  is  generally  applicable  to  the  analysis  of  the 
majority  of  water  quality  data  series  generated  by  long  term 
ambient  river  quality  monitoring  programs  such  as  the  PWQMN  for 
trend  detection  over  horizons  of  5  years  or  more. 

The  object  of  simple  time  series  analysis  Is  to  decompose  data 
series   Xt  into  deterministic  trend  and  seasonal   components   and 
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th«  Irregular  term  ^t.  If  Tt  (St)  is  weak  and  may  be  ignored,  St 
(Tt)  may  be  directly  determined;  however,  when  both  strong  trend 
and  seaeonality  are  present  a  "catch-22"  situation  arises,  as  in 
principle,  St  must  be  known  before  Tt  may  be  determined  and  vice 
versa.  The  Impasse  can  be  resolved  by  the  iterative  approach  of 
Mcleod  et  al.  [9]  which  employs  a  first  approximation  of  Tt  (St) 
to  generate  a  first  approximation  of  St  (Tt)  that  is  used  to 
refine  the  initial  estimate  Tt  (St),  etc.. 

Smooth,  nonmonotonic,  nonlinear  trend  Tt  is  traced  through 
unevenly  spaced,  noisy  data  series  by  the  powerful  robust  locally 
weighted  regression  (RLWR)  procedure  invented  by  Cleveland 
[10,11].  Generally,  RLWRm  is  an  iterative  sequence  of  tocaj. 
least  squares  regression  at  each  data  point  Xi  with  its  m  nearest 
neighbours,  weighted  by  distance  from  Xi,  followed  by  the  global 
assignment  of  rpbustness  weights  according  to  the  distance  from 
Xi  to  the  locally  weighted  regression  estimate  to  minimize  the 
Influence  of  outliers.  Low  powered  RLWR,  e.g.  RLWR12,  trend 
lines  reveal  seasonal  periodicities ,  abrupt  jumps  and  other 
temporally  local  phenomena.  High  powered  RLWR75,  RLWR150,  etc., 
yield  smooth  lines  characterizing  medium  and  longer  term  trends. 
A  robust  seasonal  function  St  is  defined  as  the  moving  seasonal 
median  (MSM)  of  the  historical  series  aggregated  by  date  within 
the  year.  Employing  RLWR  and  MSM  together  in  the  context  of 
model  (1)  yields  for  unevenly  spaced  series  a  robust  analogue  of 
conventional  time  series  analysis,  e.g.  [12].  Attention  could 
focus  specifically  on  trend  Tt  or  seasonality  St,  or  these  may  be 
recompoeed  into  useful  forms  such  as  seasonally  adjusted  trend, 
i.e.  trend  free  of  seasonal  distortions,  and  trend  adjusted 
seasonality,  i.e.  long  term  seasonal  norms  projected  onto  current 
robust  mean  leve).s  when  significant  trend  has  been  observed. 

Figures  1  and  2  illustrate  the  application  of  the  method  to  a 
dissolved  oxygen  (DO)  series.  Figure  1  presents  the  direct 
application  of  RLWR  to  the  raw  data  series.  The  RLWR12  trend 
line  clearly  shows  the  strong  seasonality  present.  The  RLWR75 
trend  line,  after  a  rise  from  1977  to  1982  shows  a  distressing 
drop  of  2.1  mg/L  to  mid  1986  suggesting  that  critical  DO 
conditions  are  impending.  Accounting  for  seasonal  effects, 
Figure  2  shows  correctly  that  only  a  1*  mg/L  drop,  connected  with 
above  normal  temperatures,  occurred  over  1982-83  since  which 
levels  have  increased  slightly.  The  RLWR75  line  of  Figure  I  was 
distorted  by  strong  seasonality  compounded  by  failure  to  obtain 
winter  samples  in  1986,  effects  that  would  likewise  corrupt 
formal  trend  tests  not  robust  against  seasonality. 

Reliable  trend  assessment  of  typically  ill-behaved  water 
quality  data  series  will  require  both  graphical  analysis  and 
rigorous  statistical  testing.  The  examples  illustrate  the  power 
of  well  designed  graphical  displays  to  communicate  complex 
quantitative  Information.  Indeed,  the  significance  of  graphical 
methods  is  increasingly  being  recognized  [11,13,14];  although,  we 
caution  that  graphics  can  be  as  readily  abused  as  more  formal 
statistical  methods.  The  techniques  outlined  herein  have  been 
.effectively  demonstrated  in  the  analysis  of  physical  and  chemical 
data  series  at  6  PWQMN  sites  in  the  Don  River  basin.  Procedural 
details  and  results  will  be  reported  in  forthcoming  reports. 
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The  aim  of  this  study  Is  to  determine  If  the  consumption  of 
drinking  water  from  the  St.  Clair  River  was  associated  with 
abnormal  outcomes  of  pregnancy  and  adverse  first -year-of-life 
outcomes  in  residents  of  Kent  and  Lambton  Counties  in  the  six 
year  period,  1980  through  1985. 

The  investigation  has  four  phases,  the  first  of  which  has  been 
completed.  Comparisons  of  the  six  year  total  incidence  rates  of 
congenital  anomaly,  low  birth  weight,  and  neonatal,  perinatal  and 
Infant  death  in  the  two  counties  with  those  of  the  ten  county 
Ontario  Southwest  Region  and  with  provincial  rates  revealed  no 
statistically  significant  differences.  The  Incidence  rates  of 
spontaneous  abortion  in  Rent  County  as  a  whole,  and  in  the 
potentially  exposed  and  nonexposed  subgroups  were  significantly 
high,  with  relative  risks  ranging  from  1.44  to  1.71.  Conversely, 
Lambton  County  had  a  significantly  low  incidence  rate  of 
spontaneous  abortion  (RR  -  0.55;  951  C.L.  -  0.49  -  0.62).  The 
"exposed'  subgroup  in  Kent  County  had  a  significantly  low  rate  of 
stillbirth  (RR  -  0.40;  95%  C.L.  -  0.17  -  0.96);  whereas  the  rate 
of  Kent  County  as  a  whole  was  virtually  identical  to  those  of  the 
comparison  groups.  The  results  of  this  phase  of  study  did  not 
support  an  association  between  drinking  water  from  the  St.  Claic 
River  and  the  outcomes  of  interest  Cor  the  following  reasons: 

1)  The  rate  of  spontaneous  abortion  in  the  "exposed"  subgroup  in 
Kent  County  was  lower  than  those  of  the  "nonexposed"  subgroup 
and  the  county  as  a  whole. 

2)  The  rate  of  spontaneous  abortion  in  Lambton  County  was 
significantly  low. 

3)  The  cate  of  stillbirth  in  the  "exposed*  subgroup  in  Kent 
County  was  also  significantly  low. 

4)  The  rates  of  the  remaining  outcomes  did  not  differ  from 
expectation. 

The  second  phase  of  the  study  consists  of  detailed  Interviews  of 
the  4  90  women  who  experienced  506  pregnancies  resulting  in  666 
abnormal  outcomes  in  the  period  of  study  and  of  a  matched  control 
group  of  women  who  had  normal  children,  to  determine  their 
exposures  to  St.  Clair  River  water  and  to  other  factors  which 
might  have  influenced  exposure  and/or  outcome  during  the  index 
pregnancies.  The  matching  variables  chosen  were:  county  of 
residence  at  the  time  of  the  birth  (Kent  or  Lambton)  ,  date  of 
birth  (±,  60  days),  maternal  age  (±  1  year),  parity  (±  1),  and  sex 
of  the  child.  He  have,  so  far,  selected  matched  control  mothers 
for  402  (79%)  of  the  SOB  case  pregnancies.  He  expect  to  obtain  a 
further  101  controls  leaving  only  five  cases  unmatched  (1%).  As 
of  31  July,  1987  we  were  unable  to  locate  or  had  been  refused 
pacmission  to  contact,  42  (9%)  of  the  490  mothers  of  cases.   Of 
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the  remaining  448,  we  have  contacted  261,  237  (91*)  of  whom 
agreed  to  be  interviewed.  We  have  also  contacted  270  eligible 
control  women.  The  interview  schedule  has  been  pretested  and 
modified  slightly  to  clarify  and  simplify  some  of  the  questions. 
Tracing  and  contacting  of  eligible  respondents  is  continuing 
while  Interviewing  is  in  progress. 

In  the  retrospective  cohort  phase  of  the  study  we  ate  comparing 
the  outcomes  of  pregnancies  in  women  who  were  exposed  to  drinking 
water  from  the  St.  Clair  River  at  the  time  of  five  specific 
chemical  spills  with  those  of  the  following  three,  pcesumably 
nonex posed   cohorts: 

1)  Women  whose  pregnancies  occurred  at  the  same  time  as  the 
spills  but  who  resided  in  areas  of  Kent  and  Lambton  Counties 
where  they  were  likely  not  exposed  to  St.  Clair  River  water; 

2)  Women  resident  in  the  same  areas  as  the  exposed  cohort  but 
whose  pregnancies  occurred  at  times  other  than  the  spills;  and 

3)  Women  resident  in  Elgin,  Huron  and  Middlesex  Counties  whose 
pregnancies  occurred  at  the  same  time  as  the  spills. 

We  estimate  that  1,150  pregnancies  occurred  in  the  "exposed" 
cohort,  3,100  in  the  first  cohort  above  and  1,300  in  the  second. 
A  sample  of  the  former  group  will  be  selected  to  match  the  women 
of  the  exposed  cohort  on  age  and  parity.  Confirmation  of 
exposure  status  and  other  Important  details  regarding  the  index 
pregnancies  will  be  sought  from  the  participants  in  brief 
telephone  interviews. 

The  fourth  phase  of  the  study  consists  of  a  comparison  of  the 
outcomes  of  all  pregnancies  that  occurred  among  Native  women  of 
the  Walpole  Island  Reserve  with  those  of  women  of  the  Satnia 
Reserve.  This  comprises  a  direct  comparison  between  a  heavily 
exposed  and  a  virtually  nonexposed  population  since  the  former 
group  consumes  fish  and  wild  game  from  the  St.  Clair  River  as 
well  as  using  it  as  a  source  of  drinking  water;  whereas  the 
Sarnia  Band  receives  drinking  water  from  the  City  of  Sarnia  and 
consumes  no  more  fish  and  game  from  the  rivet  than  does  the 
non-Native  population  of  Lambton  County.  In  the  seven  year 
period,  1980  through  1986,  380  llvebirths  occurred  In  the  Walpole 
Island  Band  and  117  in  the  Sarnia  Band.  From  this,  we  estimate 
that  540  and  170  pregnancies  occurred  in  each  group.  All  women 
who  experienced  pregnancies  will  be  Interviewed  by  Native 
interviewers  to  determine: 
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1)  Their  exposures  to  the  St,  Clair  River  from  drinking  water, 
fish  and  game  consumption^ 

2)  Other  exposures  during  the  index  pregnancyf  and 

3)  The  outcoDes  of  the  pregnancies. 

He  estinate  that  data  collection  and  analysis  for  the  final  three 
phases  of  this  project  can  be  completed  by  February,  1968  and  a 
draft  report  submitted  to  the  Ninistries  of  Health  and  Environ- 
ment by  the  end  of  March,  1988. 
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ABSTRACT 
Regional  Analysts  of  Low  Flow  Charactertstlcs 


When  undertaking  environmental  Investigations  related  to  water- 
courses, the  knowledge  of  hydrologtc  conditions  which  exist  during 
low  flow  conditions  can  be  of  primary  Importance.  The  Identifi- 
cation of  suitable  low  flow  characteristics  within  a  watercourse 
Is  most  easily  accomplished  using  contlnous  hydrometrlc  data 
recorded  for  the  stream.  However,  this  Is  limited  to  the  avail- 
ability of  suitable  long  term  discharge  records  at  the  location  of 
Interest.  The  objective  of  this  Investigation  Is  to  develop  a 
practically  oriented  technique  for  estimating  low  flow  character- 
istics at  ungauged  locations  In  the  Province. 

Initially,  a  background  review  was  undertaken  to  confirm  the  most 
appropriate  single  station  and  regional Izatlon  techniques.  It  was 
confirmed  that  the  Gumbel  III  extreme  value  distribution  generally 
has  been  found  as  the  best  fitting  distribution  for  low  flow  data 
of  various  durations  for  analysis  of  single  station  records.  How- 
ever, other  Investigations  concluded  that  the  Gumble  III  distribu- 
tion becomes  unstable  If  the  sample  has  a  skewness  of  less  than 
-1.06  and  It  has  been  concluded  (eg  Condle  and  Cheng)  that  while 
the  Gumbel  III  Distribution  should  be  adopted  as  the  basic  method 
for  low  flow  frequency  analysis  that,  as  an  alternative  distribut- 
ion for  samples  with  large  negative  skewness  the  Three  Parameter 
Log  Normal  Distribution  should  be  used. 

The  background  review  also  confirmed  that  several  Investigations 
utilized  statistical  multiple  linear  regression  techniques  to 
regionalize  low  flow  characteristics.  It  was  found  that  low  flow 
characteristics  depend  largely  on  a  number  of  physiographic  and 
meteorologic  Indices.  On  the  basis  of  the  llteratlon  review,  It 
was  decided  to  Include  the  following  parameters  In  the  development 
of  a  physiographic  data  base  for  the  Southwestern  and  West  Central 
Regions  of  Southern  Ontario:  drainage  area,  (DA),  mean  annual 
snowfall  (HAS),  mean  annual  precipitation  (MAP),  mean  annual 
runoff  (MAR),  area  controlled  by  lakes  and  swamps  (ACLS),  Latitude 
(LAT),  Longitude  (LONG),  Equivalent  slope  (EQSLP),  10/85  slope 
(OSLP),  stream  length  (LEN),  years  of  dally  data  (OVRS),  and  Base 
Flow  Index  (BFI). 
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Th8  dependent  parameters  (eg.  The  7  day  20  year  low  flow  and  Dow 
duration  characteristics)  have  been  determined  for  89  stations. 
Initially,  a  preliminary  screening  and  "regional Izatton"  was 
undertaken  graphically  by  Interfacing  the  output  of  the  statist- 
ical analysis  program  with  a  Calcomp  plotter.  The  graphical 
'regional Izatlon"  will  be  used  as  a  basis  for  comparison  to  estab- 
lish the  degree  of  Improvement  by  the  statistical  (regression) 
procedures. 

The  method  developed  will  then  be  applied  and  evaluated  in  a  test 
area  to  confirm  the  usefulness  In  predicting  low  flow  character- 
istics for  ungauged  watersheds. 

To  date,  the  following  analyses  have  been  completed: 

-  extreme  value  analysis  for  69  stations 

-  flow  duration  analysis  for  B9  stations 

-  data  base  of  12  parameters  for  89  stations 

-  preliminary  mapping/screening  of  statistical  analyses  and 
data 

Work  Is  proceeding  on  refining  and  testing  the  statistical  reglon- 
allzatton  technique.  Ultimately,  the  results  of  the  analyses  will 
be  sunmarlzed  according  to  regional  characteristics  and  In  map 
format.  The  latter  Is  an  attempt  to  update  the  map  series 
entitled  'Low  Flow  Characteristics,"  previously  published  by  the 
Ministry  of  the  Environment. 
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(ASSESSMENT  OF  ALTERNATIVE  WATER  TREATMENT  PROCESSES  ON 
NORIMERN  ONI  ARK)  WATER  by  D.R.  Fisher,  P.Eng.  ind  SJ.  Wysf,  Ph.D. 
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ITiis  study,  siippoiied  cnliicly  by  the  Ontario  Ministry  of  the  Environment,  was 
designed  to  assess  (lie  best  water  treatment  process  and  treatment  chemicals  Tor  the 
Gull  l^kc  water  supply  to  the  Town  of  Kirkland  Lake  and  adjacent  communities. 

Several  studies  have  been  carried  out  on  this  water  over  the  last  twenty  five  years.  In 
1963  work  by  C.F,  Schenk  of  the  Ontario  Water  Resources  Commission  investigated 
the  problem  of  a  fish  like  taste  and  odour  in  Gull  Lake  water  and  concluded  that  it 
was  due  to  algae  formation.  The  combination  of  a  shallow  lake  which  warms  quickly 
and  sufficient  phosphorus  and  nitrogen  gives  optimum  conditions  for  algal  growth. 

I  lowever,  the  main  object  of  this  study  was  to  develop  a  Irealmeni  system  which  could 
respond  to  the  colour  and  turbidity  increases  which  occur  during  spring  and  fall. 

At  present  the  ucatmcnt  of  Gull  Lake  water  is  limited  to  chlorinalion  and 
fluoridation  which  has  little  effect  on  any  of  the  problems  e:fperienced  with  (his  water. 

A  study  carried  out  by  Proctor  St.  Redfern  in  1985  on  direct  ftllralion  concluded  that  it 
was  difficult  to  obtain  filter  runs  of  more  than  10  hours  without  termination  of  the  run 
due  to  turbidity  breakthrough  or  high  hcadloss.  It  was  determined  that  the  main 
difficulty  was  due  to  the  alkalinity  level  which  is  higher  than  most  northern  waters. 

After  these  studies  proved  unsuccessful  il  was  decided  to  assess  three  alternative  full 
treatment  technologies.  Firstly,  a  plate  floccul  a  tor/plate  separator  technique 
followed  by  a  dual  media  filter  was  employed.  The  method  is  used  with  considerable 
success  on  waters  in  Europe  and  had  not  previously  been  utilized  for  drinking  water 
Irealmeni  in  Ontario.  The  second  technology  employed  a  high  rate  upflow  clarificr 
followed  by  a  multi  media  downflow  filter  which  has  seen  limited  use  in  Ontario  and 
has  not  been  directly  compared  to  more  conventional  forms  of  water  treatment.  The 
final  technology  used  a  mechanical  flocculator/plate  separator,  which  served  as  a 
more  conventional  pre-trealment  system,  followed  by  dual  media  filtration. 
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These  pilot  plant  tests  were  carried  out  between  January  and  March,  a  period  during 
which  the  Kirkland  Lake  community  has  its  highest  water  usage,  it  is  also  the  time  of 
the  coldest  water  temperature.  All  three  technologies  were  required  to  treat  water 
from  Gull  l^ke  ranging  in  temperature  from  0  to  2*^0,  a  range  well  below  that 
required  for  optimum  coagulation  by  many  chemicals. 

Various  coagulants  and  coagulant  aids  (organic  and  inorganic)  were  assessed  on  each 
of  the  process  systems  in  order  to  optimize  chemical  effectiveness  operating 
conditions.  Filtration  tates  were  also  varied. 

The  following  system  parameters  were  monitored  throughout  the  pilot  testing 
program:  . 

o  turbidity  (raw,  pre-filtraiion,  filtered) 

o  colour  (raw,  pre-filtralion,  nitered) 

o  alkalinity 

o  hardness 

o  pH 

o  aluminum  residual 

o  headloss 

o  length  of  fdter  run 

By  using  the  results  of  these  parameters  and  others  it  was  possible  to  assess  the 
relative  ctricicncy  of  each  water  treatment  system  and  to  compare  one  system  with  the 
other  two. 

The  overall  assessment  and  evaluation  of  the  alternative  systems  used  in  the  studies 
show  that  for  coloured  waters  with  light  fragile  floe,  the  plate  flocculaior/plate 
separator  method  is  preferred  to  the  mechanical  flocculalion  plate  separation  system. 
It  was  apparent  that  the  lower  shear  force  on  the  floe  particles  assocated  with  the 
plate  Hocculator  was  an  advantage. 
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Good  pcffoimancc  was  also  obtained  wilh  the  upflow  clatifier.  However,  (he  rise 
rate  was  very  high  in  (he  clniincf  and  the  retention  time  very  low.  Consequently,  gotxl 
results  could  only  he  obtained  with  a  combination  of  polymers,  some  of  which  may 
cause  problems. 

CInrifier  effluent  quality  was  similar  in  the  plate  separator  and  upflow  clarificr. 
However,  the  mixed  media  used  with  the  upflow  clarificr  tended  to  give  longer  filter 
runs.  Media  opriniization  work  should  improve  the  filter  runs  wilh  the  dual  media. 
The  smaller  area  of  the  filler  columns  used  with  the  plate  system  compared  with  the 
larger  area  of  the  mixed  media  filter  used  with  the  upflow  clarificr  could  also 
contribute  to  the  difference  in  filter  run  times.  With  a  full  scale  plant  24  hour  filter 
runs  should  also  be  obtainable  with  the  plate  flocculalor  and  separator  system. 
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SLOW  SAND  FILTRATION 

FOn  DRINKING  WATER  PRODUCTION 

IN  SMALL  NORTHERN  COMMUNITIES 


This  study,  supported  by  the  Ontario  Ministry  of  the  Environment,  Is  designed  to 
evaluate  the  production  of  drinking  water  In  small  northern  conmonltles  by 
simple  water  treatment  schemes.  The  purpose  of  this  study  Is  to  develop  a 
system  Incorporating  slow  sand  filtration  to  suit  the  specific  needs  of  each 
communtty. 

Small,  remote  northern  conmwnltles  have  special  conditions  of  cHiMte, 
population,  and  technical  expertise.  Specifically,  water  treatment  system  for 
remote  connunltles  should  have  the  following  Important  characteristics; 

•  Low  capital  and  operating  costs 

•  Simple  to  understand 

■  Hlnlmun  mechanical/electrical  parts 

•  Low  sensitivity  to  Misuse 

•  Low  maintenance  and  operating  time 

•  Few  chemical  feed  systems 

Surface  waters  In  the  north  are  typically  coloured  and  low  In  dissolved  mineral 
content.  Consequently,  the  main  water  treatment  process  objectives  are  usually 
to  provide  ndequate  disinfection,  to  remove  colour,  and  to  control  the 
aggressiveness  of  the  water. 

Investigative  work  has  recently  been  completed  on  slow  sand  filtration;  however, 
much  of  this  work  consists  of  surveys  of  existing  fad  Htles,  and  the 
conclusions  support  the  need  for  a  more  versatile  approach.  This  study  will 
Investigate  tb»  design,  operation,  and  maintenance  of  slow  sand  filters  to 
obtain  a  cost-effective  treatment  process  to  suit  the  specific  needs  of  each 
community.  Since  most  Northern  Ontario  waters  arc  coloured,  simple  methods  of 
colour  removal  which  can  be  assoclled  with  slow  sand  filtration  have  been 
studied.  In  addition.  It  may  also  be  advisable  to  reduce  the  aggressiveness  of 
the  water  by  Increasing  the  pH,  hardness,  and  alkalinity  of  the  water.  This  can 
be  accomplished  by  adding  limestone  In  the  treatment  process. 
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SLOW  SAND  FILTRATION  (coni'd.) 


A  possible  treatment  scheme  Incorporating  slow  sand  filtration  and  colour 
reiwval  Is  outlined  In  the  simple  process  flow  diagram  below. 

PROCESS  FLOW  OlAGnAU 
POSsaLE  SLOW  SAND  FLTEH  PLANT 
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An  aliM  ssturator  could  be  used  as  the  alum  feed  system.  A  rock  alum  storage 
vessel  would  act  as  a  solution  saturator.  A  small  portion  of  the  flow  would 
enter  the  vessel  to  produce  a  concentrated  alum  solution,  which  would  then  be 
returned  to  the  main  flow.  An  Important  component  In  the  removal  of  colour  Is  a 
regime  of  controlled  mixing  for  a  specific  time.  The  mixing  can  be  Induced 
hydraullcally,  such  as  by  spiral-flow  f locculators. 

As  discussed  earlier,  the  addition  of  limestone  may  be  beneficial  to  the  overall 
system.  The  process  flow  diagram  shows  two  possible  locations  for  a 
flow-through  tank  containing  limestone.  It  seems  that  the  location  between  the 
settling  tanks  and  filters  would  be  best  so  as  not  to  have  alum  floe  accumulate 
tn  the  limestone  bed. 


For  Northern  Ontario  coloured  waters,  the  majority  of  the  precipitated  colour 
solids  must  be  removed  by  sedimentation  prior  to  slow  sand  filtration  (SSF). 
SSF  Is  not  able  to  endure  heavy  solids  loadings  and  be  effective;  consequently, 
SSF  has  normally  had  associated  settling  basins  to  ensure  that  much  of  the  solid 
material  Is  removed  prior  to  filtration. 
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SLOW  SAND  riLTRAllON  (conl'dj 


The  Initial  stages  of  this  study  have  been  completed.  The  next  two  phases  will 
Involve  contlnupd  laboratory  testing,  assembling  of  available  literature,  and 
further  s  tte  vHlts  to  SSF  plants.  A  critical  pMot  plant  Investigation  will 
follow  to  evaluate  design,  operation,  and  maintenance  conditions.  Capital  and 
operating  costs  will  also  be  evaluated.  A  "Guidelines  Manual  for  Design  and 
Operation  of  Slow  Sand  Filters"  will  be  the  rinal  result. 
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LOCATING  AREAS  OF  GROUNDWATER 
FLOW  TO  SURFACE  WATER,   David  R.  Lee*,  AECL, 
Chalk  River,  Ontario;  Wayne  C.  Wager*, 
Ontario  Ministry  of  the  Environment,  Sarnia; 
Peter  B,  Kauss,  Ontario  Ministry  of  the 
Environment ,  Toronto . 

Landfill  sites,  both  active  and  abandoned, 
mine-tailing  areas  and  major  industrial 
complexes  have  frequently  been  located 
adjacent  to  surface  waters  primarily  because 
of  transportation  and  process  water  needs  of 
industry.   While  leachate  plumes  and 
attenuation  zones  of  inland  disposal  sites 
have  frequently  been  assessed,  methods  for 
assessing  subsurface  discharges  directly  to 
surface  waters  are  largely  lacking. 

In  summer  of  1986,  work  was  initiated  in  the 
Upper  Great  Lakes  Connecting  Channels  (St. 
Clair  and  St.  Marys  Rivers)  using  a  rugged 
sediment  probe  to  target  areas  of  river 
sediment  where  temperature  and  conductivity 
differed  from  background  suggesting 
groundwater  discharge.   In  this  method  the 
probe  was  towed  along  the  bottom  behind  a 
slowly  moving  boat. 

Follow-up  work  conducted  in  the  St.  Marys  . 
River  during  the  summer  of  1987,  supports  the 
efficiency  of  the  method  to  target  leachate 
flow  areas  from  river  sediments  into  surface 
waters , 
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AN  EXAMINAIION  OF  fllRONIC  TOXICITY  OF  TIIIOCYANATE  TO   FRESHWATER 
FISH  FOR  THE  DEVELOPMENT  OF  A  WATER  QUALITY  CRITERION 

DR.  DIXON.  R.P.  LANNO  AND  S.D    KEVAN 

D<-pftrtiiirnt  nf  BiologT.  Univrtiity  nt  Wni^rloo, 

Wntfiino,  Onlario  N2L  ]Gl 

Cjniiirlr  ii  in^d  hv  thi"  niminp;  irnlustry  for  the  (onrrntration  nni!  ^Ttrarltiin  nf  i;"l<l  ""'I  'i1*ef 
nt's  ThintyanBlF  ion  |SCN  1  ii  Ihe  m»jor  by  product  of  lh»  iTeAlniPnl  of  Tvnxiic)i>  brnrini; 
pfFliipnl,  nnrl  a5  itith  rontinrly  apprnrn  in  tereiTinit  watrrs.  Ariilr  loiirity  tFitinx  Kns  ^honn  th« 
SCN  i«  lub^tnnlinlly  |'<ii  tntic  thnt  hy<lTn|pn  cyitnid',  hut  rirttiAjW  no  infnnnntinn  rxiiti  m\  the 
mblethnl  rffrcts  of  SCN  ,  Th're  is  nuTenllr  no  Onliuio  watrt  niinlitv  objective  fnr  SCN  ,  despite 
the  documentation  of  sublethal  efTects  of  SCN'  on  thyroid  metsbolisni  in  iiiAiiirnals  and  fish. 

The  aim  of  tKti  teseairh  ii  to  obtain  sufllrieDt  data  on  the  rhfnnic  toxirity  of  waterbotne 
SCN'  to  establish  a  water  quality  criterion.  This  will  be  accomplished  by  exposing  various  test 
species  of  fish  to  liffffnt  levels  of  waterhome  SCN'  and  monitoring  their  responses  based  upon 
stirvival,  Rrowth,  Kiochemiral  and  histnloitiral  parameters.  Finally,  we  propose  to  apply  some  of 
the  laboratory-derived  hiocheniical  and  histological  indic«lors  of  SCN  toxicity  to  the  sssessntent  of 
SCN'  impact  on  feral  fish  populations  In  the  White  River  drainage  basin  in  northern  Ontario. 

The  first  year  "f  the  sttidy  will  entail  the  exposure  of  various  life  stages  of  rainbow  trout  to 
ilifTerent  levrls  of  SCN  while  monitoring  their  response  through  survival,  growth  and  physiological 
parameters. 

Previous  work  by  HeniJn^  et  al.  fl985)  suggested  the  presence  of  a  phenomenon  referred  to  as 
Sudden  Death  Syndrome  (SDS).  When  fish  exhibiting  no  obvious  effects  of  SCN  exposure  are 
subjected  to  a  stressor,  th^re  occiu's  an  immediate  (within  If)  s)  response  characteristic  of  acute 
SCN  (as  well  as  cyanide)  toxicity.  Response  signs  include  fiarerl  gills,  erratic  swimming, 
connttsinns,  •pasms,  pigmentation  changes  and  death.  The  SDS  re<ponse  has  been  fo'ind  in 
pxp'Tiriienls  in  our  lab.  Preliminary  bioassay  results  with  juvenile  rainbow  trout  (2.5  g)  Indicate 
that  the  9fi  h  LC'50  values  for  'unstressed'  and  'stressed'  fish  are  65  and  45  mg  1'  respectively. 
The  'unstressed'  IiC50  value  is  calculated  from  the  response  of  fish  which  were  not  stressed  during 
the  96  h  hioassai .  The  'stressed'  LC5n  is  based  upon  mortalities  occurring  after  the  completion 
of  the  96  h  bioassay    when  fish  were  subjected  to  15  ■  of  chasing  with  a  handheld  dipnet. 

Rased  upon  the  lesidts  of  the  preliminary  bioassay,  SCN'  exposure  concentrations  were  selected 
for  a  preliminary  foiu  w^pfc  toxicant  eiposure/growth  trial.  Juvenile  rainbow  trout  (2.0  g|  were 
ri-nied  at  SCN  lonci-ntrations  of  0.  0.5,  5.  10  and  20  mg  1'  at  IS'C.  Trout  were  fed  on  a 
practical  ifi'l  with  rach  r^plicat'  having  a  matched,  pair  fed  control.  No  differences  were  foiinil  in 
growth,  feeil  consumption  or  fred  conversion  elTiciency  between  fish  exposed  to  different  levels  of 
SCN  or  between  replicates  and  their  pair  fed  controls.  No  siitnificant  mortalities  occurred,  even 
after  the  fish  were  subjected  to  the  siren  of  netting  and  weighing. 

Froui  the  results  of  the  four  week  study,  SCN'  exposure  concentrations  of  tO,  20,  30  and  40 
mg  1  '  were  srlecled  for  a  16  wrek  toxicant  exposure/feeding  trial.  Each  replicate  will  be  matched 
with  a  pair  fed  tontrol  group.  Growth  and  feed  conversion  efficiency  will  be  iiioniloTed  hi  weekly 
for  the  duration  of  the  "tudy  Plasma  cjarude  and  SCN',  )ila*ina  thyroid  hormone  levels,  liver 
givrn^rn  and  liv^t  protein  levels  will  be  moriitored.  Tissues  selected  for  histopathological 
'Taininntion  include  Uver,  kidney,  gill,  thyroid  and  gonads. 

In  aililitiim  to  the  chronic  growth  examinations,  our  study  still  include  an  examination  of  the 
fffrrts  of  pTilsc  -xpi)Siirf  of  rainbow  trout  eggs  and  fry  to  SCN  .  Rainbow  trout  'ggs  will  be 
exposed  to  a  three  hour   pulse  dose  of  either    KSCN  or   NaSCN,  post  fertilization,  and  either  during 


PAGE  2 

or   dfter   the    process   of   wntn    hardrniii);.      Frititiialion    tatrs,    motlnUties,   deTrlo|iiii«»tal    Anomalies 
and  yoLk  coDveiiion  cfnciencr  will  b*  iiiniiitoied. 

Bssrd  on  the  r»ulti  of  stiidif-s  rondiictcd  during  the  first  yttii.  we  will  itltUin  n  iiypotheticnl 
iiiuiiiiuin  Acceptnhle  SCN  concent  ration  for  normitl  t^g  ilevrlo|inient  and  growili  in  t.-iintmw  trout. 
We  also  hope  to  develop  biocheiiiirnl  puaructrrs,  tiirh  as  plasma  thyroid  hormone  leveh  and 
liisloUigira]  exaiiiinalion,  which  will  pcovr  lucful  in  the  aisessnient  of  SCN'  impact  on  feral  fish 
population!. 

During  the  tecond  year  of  the  study,  we  will  determine  (he  efTeetf  of  tuiohs  concmlrations  of 
,  SCN',    on   the   reproductive    cnpncily    of  fathead   nunnowi   o»er    1+    Ufe-cyrles.      The   results   of   tKis 

I  study    will    be    analyzed    to    determine    a    no    effect    level    of   SCN'    for    reproduction    in    the    fathead 

'  minnow. 

In  the  third  year  of  the  study,  we  will  assess  the  health  of  white  sucker  pcipnlntions  in  several 
lakes  of  the  White  River  system  of  northern  Ontaxio.  This  system  receives  SON  rffluenl 
aisocialed  witB  gold  metal  mining  operationi  in  the  Heutio  diitiicl.  Assesfiiieiit  of  the  fiih 
population!  will  be  made  in  terms  of  age  siic  relationships,  reproductive  capacity,  histopathology 
and  biochenticnl  indicators.  The  results  will  provide  insight  into  the  impacts  of  SCN'  on  feral 
population!  and  will  develop  toots  for  measuring  in  situ  impact. 
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COLLECTION  PROCEDURES,  SEASONAL  VARIATION  AND  DISPERSAL 
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BIOMONITORING    PROTOCOLS    FOR    ADULT    AQUATIC    INSECTS:    COLLECTION 
PROCEDURES,     SEASONAL    VARIATION    AND    DISPERSAL.     Zsoll     E.     Kovatis,     Jan 
J.H.    Ciborowski      and    Stephen    Pernal ,    Dept.    of    Bvoloqical    Sciences, 
Univaraity  of   Windsor,    Windsor,    Ontario,    N9b   3P4. 

Benthic    aquatic    insects    Living    in    contaminated    sediments    can   carry 
high    organochlorine    burdens-       But    their    value    as    biomonitora    can    be 
limited    by    difficulties    of    sampling   and   of    collecting    enough   biomaaa 
for    analysis    by    gas    chroinatography    (GC)    (typically    5    g     fresh    wt.). 
CollectLon    of    the    nocturnal,    photophilic,    winged    adult    stages     is 
potentially    simpler    and    less    expensive.       Our    objectives    were    to:     a) 
develop    traps    to    collect    sufficient    adults    to    permit    GC   analysis    for 
organochlorine    contaminant  a    ( PCBs.     HOB,    DCS,     QCB)i     b)    determine 
minimum    sample   biomasa    that    provides    reasonable    limits  of  detection; 
c)    assess    seasonal    insect    availability    and    variations    in    contaminant 
burden;    and    d)    evaluate    dispersal    abilities    to    estimate    size    of    area 
to  which  a    sample   collection   pertains.       We    used    12V/DC   battery- 
powered    Pennsylvania- type    ultraviolet    light    traps.    CO2    sub I iming 
from    dry    ice    in    the    trap    base    (1    Xg    h~M    quickly    killed    trapped 
animals.       Although    Trichoptera    (Hydropsychidae,     Leptocer idae) 
actively    entered    traps,     Ephemeroptera    (Hexaqenia,     Caenia)    al ighted 
nearby    and    required   hand-collection.       Weekly    samples    were    taken 
during    2    h    following    sunset    at    Detroit    R.     and    St.    Clair    R.     sites 
beginning    in    early    May.       Adequate    biomass    was    collected    in    single 
traps    on    26    Kay.      Thereafter,    animals    were    abundant    at    sunset 
temperature    >20^   C.     and    wind    speed    <10    km    h~^.       Mean    (tl    S.E.)    June 
Trichoptera    catch    was    86.5+44.9    g/2    h/trap    (N=6).     Hexaqenia    biomass 
varied    greatly    among    sites    and    dates    I  range    20    -    605    g/2    h/ trap, 
where   present).       Mid-June    samples    at    uncontaminated    sites    provided 
Hydropsychidae    (Fenelon    Falls,     285    g)    and    Hexaqenia    (Balsam    Lake, 
70g)     for    detection    limit    studies.      Traps    up    to    5    km    inland    were 
monitored  on   calm,     warm    evenings    to  estimate  dispersal   distance 
according   to  a   random   transport   model.       Median   dispersal 
distances    estimated    for    Hexaqenia    at    L.    St.    Clair    and    in    the 
Detroit    R.     ranged    from    2.7-6.0    km.       Est  i ma tea    for    Detroit    B. 
Macronema    caddisf lies    were    more    variable    (2.2-6.9    km).       Other 
caddisf lies    and    mayflies    displayed    much    less    dispersal. 
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INTRODUCTION 


RpBul fs  of  recent  sf  udies  indicate  that  benl  hie  invertebrates  have 
'he  cflpaci'y  'o  rtccuinut.ite  organochlor  ine  contaminants.   Freshwater 
mussels  (Kausn  and  tlamdy  19B5),  oligochaete  worms  (Oliver  1984)  and 
Chironom  id^e  IDiptera)  (Lara son  1904)  have   all  been  shown  to  carry 
high  cont.amin.int  burdens.  This  suggests  the  potential  of  these 
animals  for  une  as  hiomonitors,  since  the  contaminant  concentrations 
in  benthic  invertebrates  t-ends  to  correspond  to  that  of  the 
surrounding  sediments  (Pugsley  el  al.  1985). 

The  major  difficulty  in  using  the  above  organisms  for  such  a 
purpose  arises  from  difficulties  associated  with  sampling  and 
processing  prior  to  analysis.  Collection  of  adequate  biomass  for  gas 
chromatography  (GC),  typically  5  q  fresh  weight,  is  often  difficult 
since  the  animals  may  occur  sporadically,  or  be  closely  associated 
with  the  surrounding  sediments.  Diver-assisted  collection  is  often 
hindered  by  st  rong  current  s,  poor  visibility  and  heavy  boat  traffic 
in  add  it  ion  '  3  requi  r  ing  t  ra  ine<J  personnel  and  specia  1  ized  equip- 
ment. Furthermore,  samples  collected  with  the  surrounding  sediments 
need  extensive  sorting  prior  to  GC  analysis,  which  may  result  in 
degradation  and/or  further  contamination  of  the  collected  organisms. 

Trichoptera  (caddis flies)   and  Ephemeropt  era  (mayflies)  spend 
most  of  their  lives  as  benthic  larvae  in  contact  with  the  sediments. 
The  w inged  adults  emerge  in  large  numbers  dur ing  the  summer ,  hav ing 
one  or  possibly  two  periods  of  peak  emergence.  The  adults  are 
nocturnally  active,  and  exhibit  strong  attraction  to  lights. 
Ciborowski  and  Corkum  (In  press)  analysed  adult  mayflies  and 
caddis flies  collected  from  sites  along  the  Detroit  and  St.  Clair 
rivers  for  organochlor  ine  cont  aminants  and  reported  siginif icant 
concentrations  of  contaminants.  The  geographical  contaminant 
distribution  pattern  was  similar  to  that  found  by  other  workers 
using  freshwater  mussels- 
Collection  of  adult  Ephemeroptera  and  Trichoptera  for  GC 
analysis  requires  little  specialized  equipment,  can  be  done  by 
minimally  trained  personnel,  and  is  less  time-consuming  than 
sampling  for  larvae.  Adults  can  be  collected  using  long  wave 
ultraviolet  light  traps.  Since  samples  are  not  col  lee ted  with  the 
surrounding  sediments,  sorting  time  is  greatly  reduced.  Thus,  aerial 
adult  stages  of  aquatic  insects  may  be  ittore  cost  efficient 
biomonitoring  organisms  than  their  immature  benthic  counterparts. 

Since  adult  aquatic  insects  are  capable  of  dispersal,  there 
is  potential  for  contaminant  transfer  to  terrestrial  or  possibly 
other  aquatic  habitats.  When  completed,  our  study  may  provide 
some  information  concerning  such  possible  contaminant  transfer. 

The  objectives  of  the  present  study  were  as  followst 

a)  development  of  light  traps  for  the  collection  of  adequate  biomass 
of  aquatic  insects  for  organochlor ina  contaminant  analysis  by  GC. 


b)  detarmination  of  rain imum  sample  size,  necessary  to  vieLd 
redBonable  detection  Limits  of  contamlnanta  during  gas 
chromatography. 

c)  evaluation  of  seasonal  insect  availability  and  variation  in 
contaminant  burden. 

d)  measurement  of  dispersal  distance  for  the  insects  collected  to 
determine  the  area  over  which  our  data  are  applicable. 


METHODS 

Li9ht  Trap  Design 

The    Light    trap   employed   was   a   modified    Pennsylvania    type   trap 
<Froat    1957).    The    trap    (Fig.     1)    consisted    of    a    galvanized    iron 
bucket  having  a  top  diameter  of   30  cm,   with  a  12  cm  wide  cyl  indrical 
hardware    cloth    reservoir    placed    in    the    centre.    Dry    ice,     which    cooled 
and    aneathesized    the    trapped    insects    was   packed   around   the 
reservoir.    Since    the    trap   was   developed    with    the   analysis    of    the 
trapped    insects    for    contaminants    in   mind,     it    was   preferable   not    to 
allow    the  dry    ice,    which   may   be   contaminated,     to   come    into   contact 
with    the    collected    sample.    The    reservoir    served    this    purpose.    Dry 
ice    sublimed    at    the    approximate    rate   of    1    kg    h~^. 

The  mouth  of  the  bucket  was  covered  by  a  large  funnel   that 
emptied    into   the    reservoir.   The    funnel    was    snapped    into    the   bucket 
and    secured   by    three    flanges.    A    set    of    three    45    cm    tall,    15    cm    wide 
clear    atyrene    vanes    was    mounted    upon    the    top  of    the    funnel.      The 
vanes  were  attached  to  a  circular  aluminum  top  plate.  A  3  cm 
diameter   hole   permitted   placement   and   removal   of  a    45cm    long    12V/1S 
watt    DC    fluorescent    long    wave    ultraviolet    lamp  at    the   axis   of    the 
vanes.      The    light   was   powered   by    two   6V    lantern   batteries    connected 
in    series,     or    by   an    automobile    battery. 

Traps   were   cleaned   with   soap  and   water   before    use,     ana    those 
parts    which   came    into   contact    with   the    insects    were   hexane-rinsed. 
Flying    insects    were   attracted   by   the    light    ana    flew    towards    the    trap 
where    they   collided   with   the   vanes,     fall    down,    and    were   guided    into 
the   wire   mesh   reservoir   by   the    funnel.    On    humid   days   condensation   on 
the    trap   caused    some    insects    to    stick    to    the   vanes   or    the    funnel. 
These  were  shaken  or  picked  off  and  added  to  the  sample  at  the  end 
of    the    two  hours  of    trap  operation. 

Sample  Collection 

Adult    aquatic    insects    were   collected    weekly   from    19    May   to   22 
September    19B7    at    four    Canadian    sites    along    the    Detroit    and    St    Clair 
rivers    {Table    1).    The    sampl  ing    season    extended    from    19    May    to    22 
September   for  I  he  Detroit  River  sites  and  from  11  June  to   31   August 
for    the    St    Clair    River    sites.    Samples    were    also   collected    (18-19 
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Tabic    I.    tX)Ciiti.ona   o(    s.^mpl*    af*tionB. 


Deaiqnation 


Casl.    Windaor 
Rivf>T    Canard 
Sarnia 
Sombra 


La  t  i  t  ud  • 
(Worth) 

42-11 *48" 
42"S4'12" 
42*42'02" 


Lonqitudc 
(West) 


82-56'i6^ 
83*06* 13" 
82*27*29- 
82-29'03" 
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Figura    1.       Componcntm   of    light    trap.      A,     llqht    assembly 

consisting   oC   circular    metal    top   plats,     vanes    and    l2Vnc/l5W 
UV    eiourescent    lamp;       ■,     (unnelr       c,     pail   containing   metal 
window    screen    cylinder    and    dry    ice. 


June  1987  and  6-7  August  1987)  near  Balsam  Lake  in  central  Ontario 
and  (17  August  1987)  from  ihe  Ausable  River  neat  Arkona  in 
southwestern  Ontario.  Samples  collected  near  Balsam  Lake  and  Arkona 
were  assumed  to  be  unconi  aminated  and  were  stored  at  -70°C  Cor  use 
in  detection  limit  studies.  Collections  prior  to  26  May  were  made  by 
the  method  of  Ciborowski  and  Corkum  (in  press). 

Light  traps  were  placed  on  a  white  sheet,  approximately  2-5  m 
from  the  riverbank  so  as  to  proviae  clear  exposure  to  the  the  river. 
Traps  were  operated  for  two  h  following  sunset,  since  nocturnally 
active  aquatic  insects  exhibit  greatest  flight  activity  during  this 
period.  The  sheet  served  as  a  Light  reflector  and  a  substrate  for 
thoae  insects  that  failed  to  enter  the  trap. 

Mayflies  (Ephemeroptera)  tended  to  alight  on  the  sheet  rather 
than  to  enter  the  trap.  They  were  grasped  by  the  wings  and  placed 
into  a  separate  sample  jar  or  were  manually  added  to  the  trap 
reservoir  . 

At  the  end  of  the  two-h  sampling  period  the  light  was  turned  off 
and  the  contents  of  the  reservoir  were  emptied  into  one  or  more 
precteaned  500  ml  amber  glass  specimen  jars.  The  sheet  was  quickly 
folded  to  retain  any  insects  that  had  landed  on  it.  Both  the 
specimen  jar  and  the  folded  sheet  were  kept  in  a  cooler  containing 
dry  ice  during  transport  to  the  laboratory.  On  several  nights  the 
reservoirs  had  to  be  emptied  hourly  due  to  the  abundance  of  insects. 

Studies  evaluating  the  catch  of  unattended  traps  have  been 
deferred  until  1988,  pending  development  of  a  DC-powered  timer 
•witch. 


Sample  Processing 

Samples  were  grossly  identified  as  Trichoptera,  Hexagenia 
(Ephemeroptera).  other  Ephemeroptera,  and  other  Taza  (mostly  Diptera 
and  Coleoptera).  The  total  sample  was  weighed  as  well  as  the  sorted 
groups  of  insects.  Samples  were  sorted  at  room  temperature  and 
stored  at  -20°C.  The  large  aiKe  and  heterogeneity  of  some  samples 
necessitated  subsampLing.  One  hundred  caddisf 1 lss  in  each  sample 
were  identified  to  genua  and  were  preserved  in  70%  ethanol.  Sorting 
time  ranged  from  30  rain  for  small  samples  (  <  10  g  fresh  weight)  to 
3  h  for  large  samples  (  >  80  g) .  Sorting  time  increased  with 
increasing  diversity. 


Dispersal  Distance  Studies 

Studies  were  conducted  to  determine  the  geographical  area 
represented  by  animals  in  sample  collections.  Aquatic  insects  were 
collected  along  Rochester  Township  Concession  Road  4  on  the  south 
shore  of  Lake  St  Clair,  and  along  Essex  County  Road  10  near 
Amherstburg  on  tne  east  siae  ot  the  Detroit  River.  Eight  ident ical 
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1  iqht  traps  were  sei.  up,  extending  linearly  iiway  from  the  lake  or 
river  and  were  operated  simultaneously.  Trap  distances  from  the  lake 
or  river  were  0,  78,  156.  312,  625,  1250,  2500  and  5000  m. 
Meteorological  conditions  were  recorded  to  assess  the  effect  of  wind 
and  temperature  on  dispersal  abilities.  Three  dispersal  experiments 
were  conducted  at  each  location.  Hexagenia  and  other  Ttichoptera 
were  collected  at  Lake  St  Clair  (17,  23,  and  29  July  1987). 
Hexaqenia,  Hacronema  (Tr ichoptera)  and  other  Trichpotera  occurred  at 
the  Detroit  River  site  (31  July,  11  and  13  August  19B7).  Time  and 
direction  of  arrival  were  recorded  Cor  all  Hexaqenia  landing  on  the 
sheet. 

Dispersal  was  assumed  to  be  a  random  process,  with  distance 
travelled  following  a  negative  exponential  model.  Accordingly,  mean 
dispersal  distances  were  estimated  by  integrating  t  he  least  squares 
regression  curve  relating  Ln( catch)  to  distance  from  the  lake  or 
river.   Additionally,  estimated  distance  travelled  by  50  percent  and 
by  10  percent  of  the  organisms  was  calculated  according  to  the 
regression  models.   These  distances  were  then  taken  to  be  the  radius 
of  a  semicircle  describing  the  area  of  lake  or  river  from  within 
which  50  or  90  percent  of  the  animala  originated. 


RESULTS 

Trap  Efficiency 

The    light    traps    were    effective    for   collecting    large    numbers    of 
aquatic    insects.    Setup    and    operation  of    the    traps    was    simple, 
requiring    no    special    skills. 

Samples    collected    in    May    and    June    1987    have   been    sorted    and 
identified.    Two  of   the    largest    samples    were    split    and    stored    at    -20 
and    -70°c    to   determine    if    storage    temperature   has    any   appreciable 
effect    on    the    results    of    the    GC    analysis. 

Caddisfly    and    mayfly   biomass    (fresh   weight)    were   plotted 
against    time    for    the    East    Windsor    and    River    Canard    sites    ( Fig.     2) , 
since    adequate    data    are    presently   available    for    these    sites    only. 

Single  collections  required  an  average  of  2  kg  of  dry   ice  with 
a    maximum    of     3    kg    on    warm,    humid    nights    (26°C,    60-90%    RH).    Since    the 
traps    were    not   air-tight,    greater   amounts    were    needed  on    windy 
nights.   The    co^    subliming    from    the   dry    ice   quickly    killed    the 
insects    entering    the    trap   and    also    cooled    the    sample,    preventing 
decomposition.    Water    condensation    on    the    funnel    and    the   vanes    was 
noticeable    only    on    especially    humid    nights,    usually   during    the 
second    hour    of    collection,    by   which    time    the   number    of    insects 
entering    the    trap  was    significantly    lower    than   during    the    previous 
hour.    The    lantern    batteries    used    to   power    the    light    lasted    for    about 
9    hours. 


Pigur*  2.   Ralationahip  between  temperatur*  (°C)  and  catch  of 

Trichoptera  (q  fresh  weight)  in  Light  trap*  during  June,  1987. 
Regreasion  equation  takes  the  Corm   Ln(l  +  Biomaaa)  ■ 
0.S82 (Temperature)  -  9.96  (b^  -  0.59,  p  <  O.Ol). 
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Ideal  nights  for  collecting  were  warm,  humid,  and  calm  (wind 
velocity   <10  kmh~M.  In  June  there  waa  an  enponential  relationahip 
between  caddisfly  activity  and  temperature  (Fig  2,  R^=o.59  p  < 
0-01 ) .  Very  few  organism 9  were  caught  at  tempera t tires  below  20°C. 
Catches  were  usually  reduced  by  the  presence  of  other  liqhl  sources, 
such  as  bright  street  lights,  within  5U  m  of  the  light  trap. 

Best  catches  at  all  sampling  stations  were  recorded  at  wind 
velocities  <10  kmh"'.  At  wind  speeds  >15  kmh'^  catches  were  greatly 
reduced,  often  to  less  than  100  insects.  The  light  trap  became 
susceptible  to  being  blown  over  by  gusta  at  wind  velocities  >  20  kmh  , 


Sample  Composition 

The  River  Canard  sample  station  was  located  near  a  marshy  area. 
Catches  at  this  site  were  considerably  more  diverse  than  those  at 
the  other  sites,  which  were  located  near  rocky  shores  or  breakwalla. 
Samples  collected  at  the  other  sample  sites  contained  mostly 
caddisflies  and  mayflies,  requiring  Leas  sorting  than  those  from  the 
River  Canard  site. 

Numbers  of  Caenis  (Ephemeroptera)  caught  at  the  four  stations 
were  variable,  and  dependent  on  wind  velocity  and  direction.  This 
mayfly  is  small  and  shortlived,  possessing  limited  dispersal 
abilities,  in  general,  mayflies  were  more  prone  to  being  affected  by 
the  wind.  At  wind  velocities  >5  krah"^  mayflies  usually  arrived  with 
the  wind.  Below  this  wind  velocity  direction  of  arrival  was  not 
affected. 

The  taxonomic  sequence  of  insects  arriving  at  the  trap  can  be 
described  as  Eollowa:   Mosquitoes  (Cullcidae)  and  Chironomidae  were 
most  abundant  during  the  first  20-30  min  of  collection.  Caddisflies 
exhibited  greatest  activity  from  30-60  min  past  sunset,  their 
numbers  tapering  off  at  the  end  of  the  first  hour  of  collection. 
Incoming  insect  numbers  were  greatly  reduced  during  the  second  hour 
of  collection;  only  Coleoptera,  and  occasionally  mayflies  became 
more  numerous.  The  arrival  and  peak  activity  time  of  mayflies  was 
variable,  ranging  from  the  first  ten  minutes  of  collection  to  the 
last  thirty  minutes. 


Seasonal  variation 

Collections  at  sample  stations  during  most  of  May  1987  yielded 
very  small  samples,  typically  weighing  less  than  2    g  (Table  2).  The 
first  larger  sample  (16  g)  was  collected  on  26  May  at  the  River 
Canard  site.  Thereafter ,  catches  were  larger,  increasing  steadily 
through  June  to  the  maximum  weight  collected  on  23  June  at  both 
Detroit  River  sites  (Fig,  J).    Samples  collected  at  the  St  Clair 
River  sites  were  much  smaller,  and  only  started  to  increase  towards 
the  end  of  June. 
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rigur*    3.       Seasonal    variation    in   abundance   of   Trichopt«ra    (solid 

lines)     and    Hexagenia    (dashed    line)     in    light    traps,     May    and    June, 
1987.      h,    Detroit   R,  at   East  Hindsorr    B,    Detroit    R.   at    River 
Canard . 


In   general,     cadaisfly    numbers    showed   a   pronounced   peak    in    late 
June,    and    oeclined    through   July   and    August.    Mayfly    numbers    showed   a 
similar    pattern.    However,    the    late   June   peak   was   much   more 
pronounced,    samples   collected    along    the   St    Clair    river    were 
considerably    smaller    throughout    the   collecting    season   than    those 
from    the    Detroit    River. 


Collection   of   Uncontaininated    Samples 

Sampling    In   June   near    Balsam   Lake   provided    adequate    material    for 
detection    limit    studies.    Adults   of   Hydropsychldae    (285    g) 
(Trichoptera)    were   col lected    at    Horseshoe    falls,     near    Hinden, 
Ontario.    Adults   of   Hexagenia    (70   g]    were    collected    at    Balsam    Lake. 
Rosedale,    Ontario.   The    sampl es    were    sorted    and    stored    at    -70°C    for 
detection    limit    studies    to  be   performed    later    in    the    year.     Biomass 
collected    in   early   August    in    the    same   area    was   much   reduced. 

One    sample   was   collected    at    the   Ausable    River,    near   Arkona, 
Ontario,    on    17    August.   This    sample   has   not   been   sorted   and    is    being 
Stored    at    -20°C. 


Dispersal    Distance   studies 

Results   of    dispersal    distance    studies    are    listed    in   Table    3. 
Relatively    low   numbers   of   Hexagenia   and    Macronema   were    the    result   of 
sampling    late    in    the    emergence   season.    Numbers   of   Hexagenia   and 
Macronema   ware   plotted   against   distance    from    the    lake   or    river    (Fig. 
T]"^     Points    at    312   ra    (station    4)    were    excluded    from    the    regression 
analyses   because    interference    from    bright    streetlights   greatly 
reduced    the    number   of    insects   caught.      Regression    statistics    for 
Hexagenia    and    Macronema    are    listed    in   Table    3.   Three   of    six 
regressions    for    Hexagenia    were    non-significant.    Although 
coefficients   of  determination    for   significant    regressions    were 
relatively   high,     significance   was   marginal   owing    to   the    relatively 
low   number   of  data  points.    Estimates   of   distance    travelled   by   one 
half    of    animals    (Dq^j)    or    by    only    ten    percent    of    animals    (Dq  .)    were 
calculated    for  all    trials  having  an  K^  value  of  greater    than   40% 
(Table    3). 

Median    dispersal    distance   estimates    ranged    from    1.3   to    2.0   km, 
suggesting    that    half   of   all    animals   caught   originated   within    2.7    to 
6.0   km*   of   a   shoreline   trap.    Ten   percent  or    fewer  Hexagenia 
dispersed    4.4-6.1    kmj     thus    90   percent   originated   within    an    area    of 
30-66    km^.    Distance   estimates    for   Macronema    indicate   that    this 
caddisfly    has   dispersal    ability    equivalent    to   or   greater    than    that 
of    Hexagenia    (Table    3).       Dispersal    distances    for   other    hydropsychid 
caddiaflies    have    not    yet    been   calculated.      However,    we    estimate    that 
other    caddisflies    travel    only   a    small    fraction   as    Car   as   Macronema. 
Macronema    is   an   exceptionally    strong    flyer   among    the   Hydropsychldae 
IRoee   1944). 
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Figure    4.       Relationship    between    catch    of    adult    insects    in    light 

traps    and    distance    inland    from    wat«rbody.      Each    curve    represents 
collection    on   one    night.       Lines    are    drawn    by    eye    through    points. 
*'     Hexacjenia    at    LaKe    St.    Clair    near    Belle    River;       B,     Hexagenia 
at    Detroit    R.    near    Amherstburgi       C,    Macronema    at    Detroit    R.    near 
Ainherstburg . 


DISCUSSION 

Ralatively  few  studies  have  investigated  the  use  of  adult 
aquatic  insects  as  biomonit-ors  (Ciborowski  and  Corkum,  In  press). 
Our  resuLts  indicate  that  adult  Trichop(.era  and  EphemeropLera  can 
be  collected  in  large  numbers  using  light  traps.  Samples  are 
large  enough  to  permit  analysis  by  GC  for  organochlorlne 
contaminants.  The  collecting  equipment  is  relatively  inexpensive, 
and  requires  no  specialized  skills  to  operate,  as  was  proven 
during  the  dispersal  studies  where  persons  previously  unfamiliar 
with  the  light  traps  were  required  to  set  up  and  operate  them. 
The  use  of  light  traps  to  collect  Trichoptera  and  Ephemeroptera 
yields  larger  numbers  of  insects  with  considerably  less  effort 
than  the  manual  method  used  by  Ciborowski  and  Corkum.  However, 
light  traps  suffer  from  some  of  the  same  shortcomings  as  the 
manual  method,  namely  thai  sizes  of  catches  ate  greatly  affected 
by  environmental  conditions,  especially  temperature  and  wind 
velocity.  Catches  were  also  reduced  by  the  presence  of  bright 
lights  nearby.  Although  the  traps  were  most  effective  for 
Trichoptera,  it  is  not  known  if  all  local  genera  of  Trichoptera 
are  equally  attracted. 

Host  Trichoptera  actively  entered  the  traps  and  were  available 
in  sufficient  numbers  for  unequivocal  contaminant  detection  from 
June  to  mid-August,  exhibiting  peak  numbers  in  late  June.  The 
extended  availability  of  Trichoptera  will  allow  evaluation  of 
seasonal  variability  in  contaminant  concentration,  which  is 
scheduled  for  summer  of  19S8.  The  major  factors  affecting  sizes  of 
Trichoptera  catches  were  temperature  and  wind  velocity.  Catches  were 
larger  on  warm  nights  with  wind  velocities  <10  kmh~^,  even  near  the 
end  of  the  sampling  season.  Although  detailed  data  are  not 
available,  relative  humidity  also  seemed  to  influence  catches; 
larger  samples  were  collected  on  humid  nights. 

The  traps  were  not  successful  in  catching  Ephemeroptera,  which 
were  attracted  to  the  lights,  but  required  hand  collection.  Mayfly 
numbers  were  low  throughout  the  summer,  exhibiting  only  one 
pronounced  late  June  peak.   Therefore,  one  should  sample  for 
mayflies  at  or  near  the  peak  emergence  period  to  accumulate 
sufficient  amounts  of  insects  for  analysis.  Since  Hexagenia  were 
collected  manually,  our  numbers  reflect  the  actual  mayfly  density 
only  for  nights  when  incoming  numbers  were  low  enough  for  one  person 
to  collect  all  Hexaqenia  alighting  on  the  sheet.  Fortunately,  this 
was  the  case  during  the  dispersal  distance  studies.  Hexagenia 
catches  were  also  affected  by  the  wind,  due  to  the  larger  size  and 
limited  flight  abilities  of  these  insects.  Slightly  larger  numbers 
were  collected  on  calm  nights,  whereas  catches  were  significantly 
reduced  by  windy  conditions.  Studies  are  scheduled  for  next  summer 
to  evaluate  numbers  of  animals  that  will  remain  at  unmanned  traps. 

Twice  as  many  female  Hexagenia  as  males  were  collected  during 
the  dispersal  distance  studies.  Greater  numbers  of  females  than 
males  were  also  observed  in  Trichoptera  catches  although  exact 
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niimtiers  -ite  nut  awnilable  aL  this  point.  Since  the  lipid  content  of 
females  is  qti»ater  than  that,  of  males  due  to  larqer  body  size  ana 
the  high  fat  content  of  eggs,  the  results  of  GC  analysis  may  be 
influence.!  by  the  predominance  of  females.  While  it  is  possible  that 
females  outnumber  males  in  both  Trichoptera  and  Ephemeropt era,  trap 
selectivity  m-iy  also  account  for  the  obsecved  aex  ratios. 


Dispersal  Diarance  Studies 

The  pr  imary  goa  I  of  our  study  is  to  demonstrate  the  utility  of 

Tr ichopt  era  and  Ephemeroptera  as  biomonitors.  Therefore,  it  is 
important  to  rlelineafe  the  area  from  which  the  samples  are 
collected.  Id<;ally,  animals  will  come  from  a  relatively  small 
area  surrounding  t  he  sample  station.  If  animals  disperse 
randomly,  the  number  of  animals  decreases  exponentially  with 
distance  from  the  source. 

In  our  studies,  the  lake  or  river  was  considered  to  be  the 
source  of  the  insects  collected.  However,  emerging  mayflies  and 
teneral  caddisflies  frequently  move  inland  where  they  become 
sexually  mature.  Following,  mating  the  females  return  to  the  water 
to  oviposit.   Therefore,  greatest  densities  are  expected  at  the 
water  and/or  some  distance  inland.  Six  of  the  plots  in  Figure  4 
indicate  an  inland  peak  and  three  have  peaXs  at  the  shore.  The 
latter  dispersal  plots  were  based  on  very  small  samples,  typically 
less  than  30  insects  per  sample.  Records  of  first  appearance  among 
dispersal  sample  sites  also  suggest  that  at  least  in  some  cases 
Hexagenia  were  returning  from  inland  to  the  lake. 

The  median  and  10  percent  dispersal  distances  for  Hexagenia  and 
Hacronema  suggest  that  light  trap  catches  represent  a  potentially 
large  area  around  each  of  the  sample  sites.   Although  one-half  of 
individuals  are  attracted  from  a  relatively  small  area  (2.5  to  7 
km^),  10  percent  or  more  may  arrive  from  an  area  encompassing  up  to 
65  km*.  Animals  that  inhabit  the  midregions  of  large  waterbodies 
must  be  strong  fliers  if  they  are  to  transform  (from  subimago  to 
imago)  or  mate  on  land.   Unfortunately,  this  may  limit  the  util  ity 
of  adults  of  these  species  as  unequivocal  indicators  of  sites  of 
localited  contamination.   Alternative  sampling  designs,  such  as 
multisite  trapping  and  tr iangulation  of  likely  contaminant  sources 
might  be  necessary  to  circumvent  this  problem  if  Hexagenia  is  to  be 
an  organism  of  choice.   The  magnitude  of  dispersal  and  their 
potential  abundance  suggests  that  animals  carrying  a  high 
contaminant  burden  could  be  a  significant  source  of  Loading  to 
terrestrial  habitats.   We  anticipate  that  dispersal  distances  of  the 
smaller  caddisflies  are  much  less  that  those  of  Hacronema  and 
Hexagenia.  Observations  at  the  sample  sites  suggest  that  these 
insects  do  not  disperse  as  far  as  Hacronema. 

It  must  also  be  noted  that  the  dispersal  distances  measured 
apply  primarily  to  inland  dispersal.  Caddisflies  tend  to  disperse 
along  rivers,  especially  upstream  (Roos  1957),  in  which  case  our 
calculated  inland  dispersal  distances  may  not  be  applicable.  Further 
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■tudy   is    required    to  gain    sufficient   understanding   of   caddLsfLy 
dispersal    patterns. 
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Because  Uiere  are  rnarty  congeners  In  PCBs,  the  guantUallve  analysis 
of  Ar odors  by  aas  chromalography  is  made  dirricuU  because  of  the  large 
number  of  ueaks  thai  appear  In  the  chrotnatoutaph  Separation  of  the 
congeners  on  a  capillary  column  and  detection  with  an  eleclrorrcaplure 
iJetector  reveals  dozens  of  peaks  Because  the  electron-capture  detector 
is  not  able  unambiguously  lo  identify  PCB  congeners,  a  careful  selection  of 
oven  programme  must  be  made  such  that  the  elutlon  times  are  optimized 
for  PCBs  A  careful  selection  of  peaks  for  quantitation  must  be  made  such 
that  the  intensity  of  the  peaks  will  allow  for  their  quantitation  at  low 
concentrations  From  the  sixty  or  more  peaks  separated  on  a 
Hewlett-Packard  Ultra  capillary  column  coated  with  cross-linked  phenyl 
silicone,  eigtiteen  were  chosen  for  quanttricalloa 


Calibration  and  Macro  programmes  were  written  for  the 
Hewlett-Packard  5895  Workstation  The  standards  were  chosen  to  bracket 
the  expected  concentrations  in  the  samples  Responses  from  the  chosen 
peaks  were  averaged  and  the  response  factor  updated  for  each 
standard.A  linear  calibration  curve  Is  achieved  for  the  standards  with  a 
non- zero  Intercept  Analyses  of  quality  assurance  samples  provided  by 
the  liOE  laboratories  In  Rexdate  gave  satisfactory  analyses  for  PCBs. 
Also,  spiked  fish  samples  were  extracted  following  liOE  protocols  and 
gave  excellent  recoveries  of  PCB  spikes. 

Although  chlorinated  pesticides  can  be  separated  satisfactorily  from 
PCBs  by  column  chromatography,  hydrocarbons  pose  a  problem  Thus,  the 
organic  fraction  from  the  extraction  of  some  sediments  and  road  oils  may 
contain  predominantly  hydrocarbons.  In  these  situations,  gas 
chromatography  with  electron-capture  detection  may  be  unsatisfactory 
for  the  analysis  of  PCBs.  in  these  cases,  gas  chromatography-mass 
spectrometry  can  be  used  to  determine  PCBs  The  Selected  Ion  Monitoring 
mode  (SIM)  provides  an  unequivocal  Identification  of  PCB  congeners 
Again  a  selection  of  peaks  is  made  on  which  to  quantify  Congeners  are 
identified  by  a  choice  of  peaks  from  the  mass  spectrum  of  the  standard. 
Two  of  the  peaks  from  the  mass  spectrum  are  used  as  qualifiers,  with  a 
range  of  responses  relative  to  the  quantifying  Ion  Failure  of  the 
qualifiers  to  meet  the  target  values  results  in  the  peaks  being  flagged, 
with  an  Indication  that  the  qualifiers  were  not  satisfied.  A  drawback  of 
the  GC/M5  Is  that  the  quantification  limit  is  considerably  higher  than  In 
the  case  of  GC/ECD. 
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EFFECTS  OF  RURAL   AHO  SUBURBAN  DEVELOPMENT  ON  SURFACE  MATER  QUALITY 

IN  FIVE   SELECTED  SUB-MATERSHEOS   IN 

THE  UPPER  HUMBER  RIVER 


IHTRODUCTIOM 

The  Hunter  Rtver  drainage  area  of  857   kin^    Is   the  largest  watershed  under   the 
Jurisdiction  of  the  Metropolitan  Toronto  and  Region  Conservation  Authority 
encompassing  about  one-third  of  the  total    area  within  the  Authority.     The  southern 
portion  of   the  watershed,   within   the  Metropolitan  Toronto  boundaries  is  heavily 
urbanized.     North  of  Metro,  within  the  Regional  Municipalities  of  Peel    and  York, 
the  watershed  is  predominantly  rural   (figure  1). 

Previous   research  on  the  Humber  River  (TAWHS.   1984,   1985;   Hindley  et  al^  1986) 
Indicated  widespread  pollution  occurring  within  this  watershed,   fro*  both 
point-source  urban  Inputs  as  well   as  diffuse-source  Inputs. 

The  purpose  of  this   study  was   to  assess  In  greater  detail    the  relative  pollutant 
contributions  from  five  of  the  most  predominant  land  use  sources  within  the 
tfatcrshed:  construction  activity,   agricultural    row  crops,   livestock  access, 
streambank  erosion  and  undisturbed   forest. 

METHODS 

The  five  study  sub-watersheds  ranged  In  size  from  2.6  h«  to  21.9  ha  and  were  all 
located  In  the  northeastern  portion  of  the  Humber  River  watershed.     The  main 
criteria  used  in  selecting  candidate  sub- watersheds  were  as  follows: 

1.  Ideally,  all   sub-watersheds  should  be  In  reasonably  close  proximity  to  one 
another. 

2.  All  sub-watersheds  should  be  Influenced,  as  much  as  possible,  by  the  one  land 
use  of  interest  (i.e..  there  should  be  no  unrelated  point  sources  discharging 
within  the  basin). 

3.  Ideally,   all   watersheds  should  be  selected  on  streams  which  are  not 
Intermittent  but  maintain  a  reasonably  consistent  year-round  flow. 

Surface  water  samples,  under  dry,  wet,   and  sprtngmelt  conditions  were  collected  at 
stations  Immediately  upstream  and  downstream  of  each  land  use  area,  eliminating  as 
■uch  as  possible  any  extraneous  inputs.     Bed  sediment  and  soil    samples  were  also 
collected  on  occasion  and  bed   load  samples  and  off-strean  sediment  traps 
Installed. 
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RESULTS 

Preliminary  results  are  described  for  the  fmftvlduat    study  watersheds. 

Livestock  Access  Site 

Substantial    differences  were  observed   In  geo«etr(c  mean   fecal   coll  form 
concentrations  between   the  upstream  and  downstream  sampling  stations  under  both 
dry   and  wet  weather  sampling  periods.      In  dry  weather,   the  mean  upstream  FC 
density  was  about  15/100  ml    increasing  at  the  downstream  station  to  1995/100  ml. 

Het  weather  FC   densities  ranged   from  38   to  400/100  ml    (geo.  mean  -   149/100  ml)   it 
the  upstream  station  and   from  2,000   to  660.000/100  ml    at  the  downstream  station 
(geo.   mean  =  2^1.000/100  ml).     Fecal   coH  f  orm  densities  during   the   sprlngmelt 
sampling  were  well   below  the  HOE  objective  and  few  upstream/downstream  differences 
were  observed. 

The  greatest  fecal   collform  concentrations  occurred  while  cattle  accessed  the 
watercourse  and  were  due  to  instream  defecations   and  disturbance  of  the  stream 
bottom.     Some  efforts  were  also  expended  In  Investigating  the  potential    for 
streambed   sediments   to  act  as  bacterial    reservoirs.     Bacterial    analyses  performed 
on  two  water  column  and  bottom  sediment  samples   from  each  station  Indicated  much 
greater  E^  coll  concentrations  within  the  bottom  sediments  compared  to  the 
overlying  water.     Hittiin   the  sediments,  E.   coli   concentrations  were  greatest   In 
samples  collected  within   the   first  one  cm  of   sediment,  compared   to   sanples 
collected  at  the  two  to  three  cm  depth.     Overall,   the  greatest  concentrations 
occurred  in   shallow  sediments  collected  at   the  downstream  station,   where  E.   coll 
densities  were  about  500  times  greater  than  In  the  overlying  water. 

Agricultural    Site 

Few  parameters  displayed  marked  Increases   in  concentration  between  the  upstream 
and  downstream  stations  under  any  weather  conditions.     Host  parameter 
concentrations  were  within  established  guidelines  or  objectives. 

Sediment   traps   installed  around  the  perimeter  of   the  corn   field  prior   to  two   storm 
events  indicated  a  great  deal   of  soil   movement  had  occurred.     Some  traps  were 
covered  by   up   to  10  cm  of   soil    after  the   second   event.     Upstream  and  downstresii 
total    suspended  solids  and   turbidity  measurements  however,  did  not  reflect  this 


soil   movenent,  probably  for  two  reasons.     The  sol)  movement  Nhlch  appeared  evident 
from  the  sedtaent  traps  may  not  have  resulted  in  significant  transport  Into  the 
watercourse.     Also  of  likely   importance  was  a  considerable  widening  of  the  stream 
channel    In  the  vicinity  of  the  downstrean  station  and  a  corresponding  decrease  In 
streaa  velocity  which  may  have  resulted  in  deposition  of  suspended  materia) 
upstream  of  the  sampling  site. 

Construction  Site 

Instream  parameter  levels  9enera)1y  did  not  differ  greatly  between  the  upstream 
and  downstream  swpling  stations.     The  most  obvious  differences  occurred  during 
wet  weather  sampling,  when  the  mean  total    suspended  solids  concentration  increased 
from  56  to  305  mg/1  at  the  upstream  and  downstream  station,  respectively. 

Sediment  traps  installed  at  runoff  channels  leading  from  the  construction  site 
suggested  significant  sediment  movement  still   appeared  to  occur  from  this  site 
despite  the  completion  of  the  majority  of  construction  activities.     Although  newly 
generated  sediment  was  likely   transported  during  these  events,   visual   observation 
suggested  the  majority  of  movement  occurred  from  sediments  which  were  disturbed 
during  the  initial  cleaning  phase.     Soil   cores,  collected  along  transects  adjacent 
to  the  watercourse  Indicated  the  soil   displaced  during  construction  had  been 
transported  over  a  much  greater  area  than  was  initially  evident.     Volume 
estimates,  based  upon  the  cores,   suggest  several   hundred  m^  of   fine  to  medium 
sands  had  been  displaced  from  the  construction  site. 

Streaitank  Erosion  Site 

Very  few  obvious  changes  in  parameter  concentrations  were  noted  between  the 
upstream  and  downstream  stations.     When  changes  did  occur,   there  was  difficulty   In 
ascribing  them  to  streambank  sources-     The  width  of  the  Number  River  at  this 
location  and  the  relatively  large  volume  of  water  made  It  difficult  to  accurately 
monitor  changes  In  water  quality  by  grab  sampling.     Bridge  construction  which 
occurred  Innedlately  upstream  of  the  study  area  also  likely  contributed  to  the 
difficulties  by  masking  sediment  Input  from  the  erosion  sites. 


Detailed  bank  profile  measurements  of  a  slumping  section  of  strear*anl(  erosion 
yielded  mixed  results.  Subsequent  remeasurlng  of  the  bank  at  one  and  two  year 
Intervals  Indicated   soil    loss  of   196    and  168  m^ .   respectively. 

Control    Site 

Surprisingly  high  bacterial    densities  In  dry  weather   samples  at  this   site  prompted 
more  intensive  monitoring.     Fecal   col  1  form  densities  of   1000  cts/100  ml    at   the 
upstream  site  suggested   the  possibility  of  groundwater  contamination   since   the 
water  exited   the  ground  Just  25  metres   above  this  point,      in  water   samples 
collected  near  the  source,    fecal   col  I  form  densities  were  well    above  the  M0£ 
objective.     Possible  sources  of  bacterial   contamination  were  identified  and  are 
discussed  In  the  report. 

CONCLUSION 

The  use  of  small    sub-watersheds  with  homogeneous  land  uses  yielded  mixed  results. 
While  their   size  virtually  eliminated  extraneous   Inputs   to  the  study  area,   the 
generally  small   watershed  area  and  short  watercourse  length  made  it  difficult, 
partlcuarly  during  dry   event  and  springmelt   sampling,   to  detect  appreciable 
changes  In  parameter  concentrations  between  the  upstream  and  downstre»  stations. 

The  greatest  bacterial   Impacts  were  observed  within  the  livestock  sub-watershed. 
The  dally  watering  of  cattle  within  the  stream  and   their   associated   fecal    inputs 
caused  severe  contamination  of  downstream  water.     The  significantly  greater 
bacterial   concentrations  within  the  streambed   sediments  vs.   the  water  column 
suggests  that  downstream  Impacts   from   fecal   contamination  may  be   felt  long   after 
the  cattle  have  been  rwioved   from  the   strcMi. 

These  and  other  conclusions  are  further  elaborated  upon  in  the  report. 
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A  three  year  study  was  started  In  19B6  to  ascertain  the 
slgnlCtcancv  of  atmoaphetlc  deposition  In  determining  the  level 
of  PCB's  In  the  biota  of  Ontario  Lakes.  It  has  been  estimated 
that  7.5  Mg  to  21  Hg  (Swackhamer  and  Armstrong  1986,  Hurphy  and 
Schlnsky  1983,  respectively)  oC  PCB's  are  deposited  per  square 
meter  per  year  from  the  atmosphere  Into  the  lakes  In  the  Great 
Lakes  region.  This  particular  source  may  account  for  up  to  B0\ 
of  the  PCS'*  entering  the  Great  Lakes  (Thomann  and  Di  Toro  1983) 
and  will  probably  be  the  major  Input  Into  Isolated  lakes. 
Because  of  their  highly  lipophilic  nature  (Kow  of  105  to  109), 
PCB's  tend  to  accumulate  within  the  organic  components  of  the 
lake  system,  such  as  the  lipids  of  biota  or  the  organic  fraction 
of  particulates  and  sediment.  In  addition,  they  do  not  degrade 
rapidly,  so  the  sediment,  particulates  and  biota  provide  a  record 
of  the  current  and  past  lodes  of  PCB's  entering  the  lake.  it  Is 
the  objective  of  the  present  study  to  survey  the  levels  of  PCB's 
In  the  environmental  compartments  of  seven  Ontario  lakes  to 
provide  estimates  of  the  rates  of  Input  of  organic  contaminants 
and  also  the  pathways  of  movement  through  each  lake  ecosystem. 
Estimates  o!  atmospheric  Input  will  be  made  by  modelling  of  the 
lake  system  using  environmental  fate  models  (exAH92,  WASP4  and 
WASTOX)  developed  by  the  0.3.  Environmental  Protection  Agency. 

Selection  of  the  lakes  for  Intensive  study  was  based  upon 
their  trophic  status,  degree  of  Isolation  and  the  level  of 
contamination  in  the  biota.  The  lakes  were  divided  Into  low  (<10 
ppb  wet  weight  in  smallmouth  bass),  medium  (10-100  ppb )  and  high 
OlOO  ppb)  levels  of  contamination  based  on  monitoring  conducted 
by  the  Ontario  Ministry  of  the  Environment.  The  study  lakes 
Included  Scugog  and  Wood  (low  contamination);  Boshkung,  St.  Mora 
and  Bark  (medium);  Rice  and  Clear  (high).  In  1987,  Bark  Lake  was 
removed  from  the  study  and  Opeonqo  Lake  added  to  Increase  the 
number  of  Isolated,  uncontamlnated  lakes . 

Samples  of  sediments,  zoop lank ton,  crayfish,  anodontld  clams 
and  5  species  of  fish  were  collected  In  late  1986  and  In  the 
spring  of  1987.  Sediment  cores  were  collected  from  the  deepest 
deposition  rone  of  each  lake  using  a  KB  corer.  The  upper  9  cm  of 
each  core  was  divided  Into  three  fractions  of  0-3,  3-6  and  6-9  cm 
for  PCB  analysis.  Separate  sediments  samples  were  analysed  for 
organic  content  and  particle  size  distribution.  The 
concentration  of  dissolved  PCB's  In  lake  water  was  measured  by 
filtering  18   L  of   water  through   0.30  Mm   MUllpore  filters  and 


extracting  the  filtrate  with  1  L  of  dlchlormethane .  The  filters 
were  extracted  separately  to  qlve  the  concentration  a£  PCB ' s  In 
the  suspended  particulate  fraction. 

Where  possible,  samples  of  biota  were  collected  In  well- 
mixed  zones  within  each  lake  to  avoid  dilution  or  contamination 
from  Input  streams.  Zooplankton  were  collected  using  a  0.5  ni2 
conical  net  towed  for  5  minutes  at  a  depth  of  5-10  m  In  the 
deepest  area  of  each  lake .  Invertebrates ,  crayfish  and  clams  were 
collected  by  dip  net  alpnq  the  shoreline  and  In  the  littoral 
zone.  Pish  were  collected  by  seine  net,  trap  net  and  by  angling. 
Plflh  species  collected  were  golden  shiner  (MotemlqonuB 
crvsoleucas  t ,  blunt  nose  minnow  (pljneph^lp.q  prgmelas  ) ,  ye  1  low 
perch  (Petcft  tlavescena ) .  smallmouth  bass  (Hlcropterus  dolomleul ) 
and  lake  trout  (Salvel inuq  nawavcush) .  A  range  of  body  sizes  of 
each  fish  species  was  collected  In  order  to  determine  any 
relationships  between  PCB  concentration  and  size .  Samples  of 
muscle  from  the  mid-dorsal  region  of  each  fish  and  from  the  tall 
of  crayfish  were  used  for  analysis  while  whole  body  was  analysed 
In  clams  and  Invertebrates.  Extracts  from  water,  sediments, 
suspended  particulates  and  biota  were  analysed  for  21  PCB 
congeners  and  DDT  using  a  Varian  9500  gas  chromatograph  with  30  m 
DB-5  capillary  column  and  EC  detector. 

Preliminary  analysis  of  data  supports  the  original  data  from 
0MB  used  for  the  selection  of  the  study  lakes.  The  concentration 
of  total  PCB's  (i.e.  the  sum  of  all  21  congeners)  in  yellow  perch 
ranges  from  a  minimum  of  approximately  9.6  ng  g-1  {30=3.9,  n=5) 
wet  weight  In  Wood  Lake  to  39  nq  q-1  (SD-21,  n-11)  in  Rice  Lake 
and  90.8  ng  q-1  (3D>45,  n-lO)  in  Lake  Clear.  The  same  trend  Is 
observed  for  golden  shlnez,  bluntnose  minnow,  crayfish, 
smallmouth  bass  and  lake  trout.  The  baseline  levels  of  PCB's  in 
the  biota  of  uncontamlnated  lakes  is  approximately  7-10  ng  q-1, 
with  little  variation  due  size  or  trophic  status.  The  maximum 
value  for  smallmouth  bass  was  in  Lake  St.  Nora  (41.1  nq  q-1, 
SO>21.3,  n-5|  while  the  hlqhest  concentration  for  trout  was  in 
Lake  Cleat  (2900  ng  g-1  (n"l).  In  all  lakes  where  lake  trout 
were  collected,  they  contained  the  hlqhest  concentrations  of 
PCB's  found  In  the  biota.  Analysis  of  biota  samples  Is  continulnq 
In  order  to  expand  sample  sizes  for  statistical  comparisons 
between  and  within  lakes. 

There  are  differences  In  the  composition  of  PCB's  found  In 
the  biota  of  the  Individual  lakes.  The  biota  of  Wood  Lake  and 
Scugog  Lake  have  a  higher  percentage  of  lower  chlorinated 
congeners  (PCB  18  and  52),  while  Rice  Lake  and  Lake  Clear  show  a 
wider  range  of  congeners;  but  predominantly  the  higher 
chlorinated  compounds  such  as  PCB  118/149  and  138.  These  latter 
congeners  are  present  in  Aroclor  mixtures  1254  and  1260.  In 
addition,  lake  trout  appear  to  contain  a  different  pattern  of  PCB 
congeners  than  the  biota  In  the  lower  part  of  the  food  web  within 
the  sasw  lake. 

Some  preliminary  data  are   available   for   a   wide   range  of 


samples  from  Lake  Clear,  an  ollqotrophlc  lake  In  Renfrew  county 
that  was  accidently  contaminated  with  PCB's  In  the  ml(l-1970 '  s . 
Perch,  zooplankton,  crayfish  and  Invertebrates  contain 
approximately  60-90  nq  q-1  PCB's;  the  hlqhest  of  all  the  lakes 
studied.  A  slnqle  lake  trout  collected  In  1986  had  a 
concentration  of  2900  nq  q-1  wet  weiqht  In  muscle.  The  upper 
fraction  of  sediment  (0-3  cm)  had  approximately  590  nq  q-1 
(SD-170,  n-5|  dry  weiqht  but  the  concentration  decreased  to  260 
nq  q-1  (3D=43,  n'5l  at  a  depth  of  6-9  cm.  This  Indicates  that 
the  upper  layer  of  sediment  may  be  well  mixed  with  the  water 
column,  and  PCB's  may  be  returnlnq  to  the  food  web  despite  a 
relatively  hlqh  orqanlc  content  In  the  sediments  (ca.  11\) . 
There  was  no  evidence  of  dechlorination  of  the  hlqher  chlorinated 
conqeners  In  the  sediments,  as  auqqested  by  Brown  et  al.  (1987), 
since  the  pattern  of  conqeners  Is  consistent  at  all  levels  of  the 
sediment  profile  and  was  Identical  to  that  of  the  biota.  These 
data  from  bake  Clear  will  be  used  to  standardize  the  mathematical 
models  which  will  then  be  applied  to  the  other  test  lakes. 

Our  Immediate  objective  Is  to  build  up  a  full  set  of  data 
for  sediments,  water  and  biota  and  to  develop  models  for 
transport  processes  within  each  of  the  study  lakes.  It  is 
predicted  that  food  web  transfer  of  the  PCB's  should  be  similar 
between  lakes,  but  that  other  transport  processes,  such  as 
particulate  transport,  will  vary  with  lake  morphometry  and 
trophic  status  of  the  lake. 
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